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INTRODUCTION 
 
GENERAL BACKGROUND 
 
The pig industry is economically the most important agricultural sector in Flanders, Belgium. 
The production value of the Flemish pig sector equaled 1.38 billion euro in 2011, which was 
43% of the production value of the total livestock sector and 27% of the production value of 
the total agricultural sector (Platteau et al., 2012). In 2011, the pig population in Flanders 
amounted to 6.15 million pigs, including 0.51 million sows, 1.62 million piglets and 4.02 
million fattening pigs (Platteau et al., 2012). 
The key factors determining the profitability of the pig industry are reproductive efficiency of 
the sows and growth rate, feed conversion and carcass quality of the fattening pigs (Henman, 
2006; Shephard et al., 2006; Whittemore, 1998). During the last decades, pig production in 
industrial systems has been characterised by an increased genetic selection for enhanced sow 
prolificacy and fast lean growth. However, this selection has been associated with a higher 
occurrence of peri- and post-natal piglet mortality. Increased litter size at birth results in lower 
average piglet birth weight (Quiniou et al., 2002) and selection for lean tissue growth results 
in piglets with a reduced physiological maturity at birth (Herpin et al., 1993), both leading to 
reduced piglet survival. 
In modern pig production, approximately 10 to 20% of the piglets die before weaning (Herpin 
et al., 2002), which leads to considerable economic losses for the pig industry. A decrease in 
piglet mortality of 1% would result in a benefit of 6.30 euros per sow, and one extra live born 
piglet per litter would lead to a benefit of 22.10 euros per litter (calculated by Wageningen 
UR Livestock Research, 2012). Therefore, finding strategies to increase the number of live 
born piglets and improve their survival is of high economic importance. 
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Improved sow nutrition may contribute to reduce piglet losses and increase profitability. The 
effect of maternal nutrition on development and health has been increasingly recognised both 
in humans and animals. Altered nutrition during the pre-mating and gestational period may 
affect oocyte development, embryo quality, prenatal survival and the number of live born 
offspring (Ashworth et al., 2009). Furthermore, the maternal diet is not only important with 
regard to the foetus and the newborn, but also in relation to metabolic diseases later in life 
(foetal programming) (Barker, 1997; Lucas, 1998; Wu et al., 2004). In this respect, research 
on the influence of polyunsaturated fatty acids (PUFA) in the maternal diet has received 
increasing interest over the last years. It has become clear that dietary PUFA are more than 
only a source of energy. They are indispensable structural components of all cellular 
membranes and play complex roles in regulating gene expression and cell and intracellular 
communication (Innis, 2011). Moreover, some PUFA are precursors of eicosanoids, 
molecules with potent biological activity and important in immune function (Calder, 2001). 
N-3 PUFA are known for their beneficial effects on human health and disease (e.g. in 
cardiovascular disease; Simopoulos, 1991), but they also play an important role in male and 
female reproduction (Wathes et al., 2007), and in foetal and neonatal growth and development 
(Innis, 1991; Uauy et al., 2001). PUFA are incorporated in relatively large amounts during 
early growth of the brain and retina, and the supply of n-3 PUFA to the diet of pregnant and 
lactating women has been associated with improved infant visual acuity and development of 
cognitive functions (e.g. Carlson et al., 1993b; Jensen et al., 2005; Koletzko and Rodriguez-
Palmero, 1999). On the other hand, the n-6 PUFA arachidonic acid has been positively 
correlated with first year growth in preterm infants (Carlson et al., 1993a). A good balance 
between n-3 and n-6 PUFA supply of the maternal diet seems therefore crucial for optimal 
development.  
Introduction 
5 
 
In line with human and rodent studies, research has been conducted on the effect of PUFA in 
the sow diet on sow reproductive performance and piglet growth and vitality. However, as 
will be reviewed in this thesis, results are equivocal and many studies suffer from 
shortcomings such as small sample size. Furthermore, results are often difficult to compare as 
studies differ in the amount and duration of PUFA supplementation. Most studies have also 
been focusing on supplementation with n-3 PUFA, thereby neglecting the balance with n-6 
PUFA. In addition, the majority of the studies have used fish oil as source of n-3 PUFA. 
However, fish oil is becoming a scarce resource. Nearly 30% of the world‟s wild-caught fish 
are not consumed directly by humans, but are reduced to fishmeal and fish oil, which are then 
used in feeds for livestock. The demand to produce fish for feed is likely to grow in the next 
decades, which will put heavy pressure on wild fisheries (Delgado et al., 2003). Therefore, 
research for sustainable alternatives is necessary, but has been limited. Furthermore, little is 
known on the effect of n-3 PUFA in the maternal diet on piglet post-weaning immunity. 
 
Including PUFA in the diet might also have adverse effects, such as increased oxidative stress 
(Eritsland, 2000). Oxidative stress is defined as an imbalance between oxidants and 
antioxidants in favour of the oxidants, potentially leading to oxidative damage (Sies, 1997). 
Oxidative stress has been associated with the onset of a variety of metabolic diseases, cancers 
and the ageing process in humans (Morrissey and O‟Brien, 1998). In farm animals, oxidative 
stress may be involved in several pathological conditions, relevant for animal production and 
welfare (Lykkesfeldt and Svendsen, 2007; Miller et al., 1993).  
All biomolecules are vulnerable to free radical damage. However, lipids are probably most 
susceptible, particularly PUFA, because of the presence of double bonds. Because cell 
membranes are rich in PUFA, they are particularly prone to oxidative damage, which can lead 
to a loss of membrane integrity, altered membrane fluidity and alterations in cell signalling 
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(Hughes, 2000). However, little is known on the effect of increased PUFA supply of the 
maternal diet on the oxidative status of the mother and progeny, and the dietary requirement 
of antioxidants with a maternal diet rich in PUFA has not been defined.  
 
RESEARCH OBJECTIVES AND THESIS OUTLINE 
 
The overall objective of this PhD research is to contribute to a better understanding of some 
physiological and zootechnical effects of n-3 PUFA in the sow diet. More specifically, this 
research had four objectives, i.e. to examine the effect of different sources and/or 
concentrations of n-3 PUFA in the diet of the sow on:  
1) fatty acid composition of the sow and piglet tissues, 
2) oxidative status of the sow and piglet, 
3) post-weaning immunity of the piglets, 
4) sow reproductive performance and piglet growth and vitality. 
The outcome of this research should allow feed companies to improve the formulation of the 
sow diets.  
 
To meet these objectives, two animal feeding experiments and a literature survey were 
performed. The first experiment was conducted on two commercial farms of Danis NV. This 
private setting allowed us to collect data on a large number of litters, in order to allow 
drawing firm conclusions on the effect of n-3 PUFA supplementation of the maternal diet on 
sow reproduction and piglet growth and vitality. The second experiment was conducted on the 
experimental farm of the Institute for Agricultural and Fisheries Research (ILVO). This 
smaller scale, experimental setting allowed us to perform more in-depth research on fatty acid 
metabolism, and the effect on piglet immunity. Both experiments compared different sources 
Introduction 
7 
 
of n-3 PUFA oils, namely fish oil and one or two possible sustainable alternatives. The first 
experiment also considered different concentrations of n-3 PUFA oils, whereas the second 
experiment used only one concentration, based on the outcome of the first experiment. To 
counteract the possible adverse effects of n-3 PUFA supplementation on piglet growth (due to 
a possible imbalance between n-6 and n-3 PUFA and decreased arachidonic acid 
concentration) and oxidative stress, constant and high levels of linoleic acid (precursor fatty 
acid for arachidonic acid) and dietary antioxidants were provided in both experiments. 
The literature survey aimed at giving an overview of the current knowledge on the effect of n-
3 PUFA in the sow diet on reproductive performance and piglet growth and vitality, and thus 
contributes to the fourth objective of this research. 
 
The specific null hypotheses that were formulated for the own research and their relation to 
the chapters and experiments are presented in Table I. 
 
  
 
Table I. Research topics, null hypotheses, thesis chapters and performed experiments 
Topics Hypotheses Chapter Experiment 
Fatty acid 
composition 
H1 The efficacy to increase the n-3 long chain PUFA concentration in the piglet depends on the 
type and concentration of n-3 PUFA oil in the sow diet. 
1B, 1C, 1D 1, 2 
H2 N-3 PUFA supplementation of the sow diet at equal supply of linoleic acid will not 
decrease the arachidonic acid concentration in the piglet. 
1B, 1C, 1D 1, 2 
H3 Lighter piglets have a weaker n-3 PUFA status than heavier littermates (H3.1), and n-3 
PUFA supplementation of the sow diet can reduce the difference (H3.2). 
1D 2 
Oxidative 
status 
H4 N-3 PUFA supplementation of the sow diet at adequate supply of dietary antioxidants will 
not negatively affect the oxidative status of sows (H4.1) and piglets (H4.2). 
1B, 1C 1, 2 
Immunity H5 N-3 PUFA supplementation of the sow diet affects piglet post-weaning immunity. 2B 2 
Reproductive 
performance 
and piglet 
growth and 
vitality 
H6 N-3 PUFA supplementation of the sow diet enhances the reproductive performance during 
the current and subsequent gestation. 
3C 1 
H7 N-3 PUFA supplementation of the sow diet affects the farrowing process. 3C 1 
H8 N-3 PUFA supplementation of the sow diet improves piglet vitality. 3C 1 
H9 N-3 PUFA supplementation of the sow diet improves piglet pre-weaning growth. 3C 1 
Introduction 
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This dissertation consists of four chapters. Chapter 1 deals with the influence of n-3 PUFA in 
the maternal diet on fatty acid composition and oxidative status of sows and piglets. In 
Chapter 1A, a brief introduction on PUFA structure, metabolism, function, and transfer from 
sow to piglet is given, as well as a short preface on oxidative status. In Chapters 1B to 1D, the 
results from our own research are presented. In Chapter 1B, the effect of using different 
concentrations of linseed oil and fish oil are compared. In Chapter 1C, linseed oil is compared 
with echium oil as alternatives for fish oil in the maternal diet. Chapter 1D examines the 
relationship between n-3 PUFA status and piglet birth weight.  
Chapter 2 deals with the effect of n-3 PUFA in the maternal diet on the immunity of the 
piglets post-weaning. After a brief introduction on the relationship between PUFA and 
immunity in Chapter 2A, the results from our own research regarding the effect of fish oil, 
linseed oil or echium oil in the maternal diet on piglet post-weaning immunity are presented 
(Chapter 2B).  
In Chapter 3, the influence of n-3 PUFA in the maternal diet on sow reproduction and piglet 
growth and vitality is discussed. After a brief introduction on the topic (Chapter 3A), the 
results of our literature survey are presented in Chapter 3B. An overview of the current 
knowledge on this topic is given, and the shortcomings in these studies are discussed. 
Thereafter, the results of our own research regarding the effects of different concentrations of 
linseed oil and fish oil on sow reproductive outcome and piglet performance are presented 
(Chapter 3C).  
A general discussion and some future perspectives are given in Chapter 4. 
  
 
  
 
CHAPTER 1 
EFFECT OF N-3 POLYUNSATURATED FATTY ACIDS IN THE 
MATERNAL DIET ON FATTY ACID COMPOSITION AND 
OXIDATIVE STATUS OF SOWS AND PIGLETS 
 
  
 
  
 
CHAPTER 1A 
INTRODUCTION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Extracted and redrafted from: 
Tanghe, S., De Smet, S. 2013. Does sow reproduction and piglet performance benefit from 
the addition of n-3 polyunsaturated fatty acids to the maternal diet? The Veterinary Journal. In 
Press.  
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CHAPTER 1A 
INTRODUCTION 
 
POLYUNSATURATED FATTY ACIDS 
 
Structure, metabolism and function 
Fatty acids consist of a chain of carbon atoms, with a methyl-group (-CH3) at one end and a 
carboxyl-group (-COOH) at the other end. This carbon chain can either contain only single 
bonds between the carbon atoms (saturated fatty acids, SFA), or one or multiple double bonds 
(monounsaturated fatty acids (MUFA) or polyunsaturated fatty acids (PUFA), respectively). 
Several systems for the nomenclature of fatty acids exist, based on the number of double 
bonds present in the carbon chain, and the position of the first double bond, counting from 
either the carboxyl or methyl end. The nomenclature of fatty acids used in this dissertation, 
indicates the number of carbon atoms, followed by the total number of double bonds, and the 
position of the first double bond counting from the methyl end (Figure 1.1). 
 
Figure 1.1. Structure of saturated fatty acids (SFA), monounsaturated fatty acid (MUFA) and n-6 and n-3 
polyunsaturated fatty acids (PUFA) 
Chapter 1A 
16 
 
Polyunsaturated fatty acids are classified into different series according to the position of the 
first double bond relative to the methyl end. Fatty acids from the n-9 series can be synthesised 
de novo by animals. Fatty acids from the n-6 and n-3 series consist of the precursor fatty acids 
linoleic acid (C18:2n-6, LA) and α-linolenic acid (C18:3n-3, ALA) and their long chain (LC) 
derivatives. Both LA and ALA are strictly essential fatty acids, as they cannot be synthesised 
de novo and must be obtained from the diet (Kurlak and Stephenson, 1999). These precursor 
fatty acids can then be converted to longer chain fatty acids through desaturation and 
elongation by specific enzymes (Sprecher, 2000; Figure 1.2). The physiologically most 
important LC PUFA are arachidonic acid (C20:4n-6, ARA), derived from LA, and 
eicosapentaenoic acid (C20:5n-3, EPA) and docosahexaenoic acid (C22:6n-3, DHA) that are 
derived from ALA (Kurlak and Stephenson, 1999).  
The fatty acids of the n-3, n-6 and n-9 series cannot be interconverted in animal tissues, 
because animals, unlike plants, do not have the required Δ12- and Δ15-desaturase enzymes. 
Furthermore, the metabolism of the n-6 and n-3 fatty acids is competitive, as both pathways 
use the same set of enzymes. The Δ6-desaturase enzyme introduces a double bond at the sixth 
carbon atom (counting from the carboxyl end) into the first member of each of the fatty acid 
series, which means that the precursor fatty acids compete for desaturation, although the 
affinity of the Δ6-desaturase enzyme is in the order C18:3n-3 > C18:2n-6 > C18:1n-9 (Kurlak 
and Stephenson, 1999). 
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linoleic acid (C18:2n-6, LA) 
γ-linolenic acid (C18:3n-6) 
dihomo-γ-linolenic acid (C20:3n-6, DGLA) 
arachidonic acid (C20:4n-6, ARA) 
C22:4n-6 
C24:4n-6 
C24:5n-6 
C22:5n-6 
Δ6-desaturase 
Elongase 
Δ5-desaturase 
Elongase 
Elongase 
Δ6-desaturase 
 
β-oxidation 
α-linolenic acid (C18:3n-3, ALA) 
   stearidonic acid (C18:4n-3, SDA) 
eicosatetraenoic acid (C20:4n-3) 
eicosapentaenoic acid (C20:5n-3, EPA) 
docosapentaenoic acid (C22:5n-3) 
C24:5n-3 
C24:6n-3 
docosahexaenoic acid (C22:6n-3, DHA) 
Δ15-desaturase  
(only in plants) 
Δ6-desaturase 
 
Elongase 
 
Δ5-desaturase 
 
Elongase 
 
Elongase 
 
Δ6-desaturase 
 
β-oxidation 
 
 
Figure 1.2. Synthesis of n-6 and n-3 polyunsaturated fatty acids from their precursor fatty acids linoleic and α-
linolenic acid 
 
Besides their contribution to energy supply like all fatty acids, LC PUFA have an important 
structural function as part of the phospholipid bilayer in cell membranes, affecting membrane 
fluidity and, in turn, intracellular signal transduction mechanisms (Kurlak and Stephenson, 
1999; Stillwell and Wassal, 2003). LC PUFA also have an effect on immunity through their 
role in the synthesis of eicosanoids. Eicosanoids are a group of chemical messengers that are 
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synthesised from PUFA, in particular from ARA, but also from dihomo-γ-linolenic acid 
(C20:3n-6, DGLA) and EPA, as will be further discussed in Chapter 2a.  
Furthermore, PUFA can regulate gene transcription by controlling the activity of several 
transcription factors (Jump, 2002; Jump, 2008; Price et al., 2000). PUFA are ligands for 
peroxisome proliferator-activated receptors (PPAR) and liver X receptors (LXR), which are 
both involved in the regulation of genes involved in lipid metabolism (Jump, 2002). Fatty 
acids also regulate the expression of sterol regulatory element binding protein 1c (SREBP-1c), 
which interferes in the transcription of genes involved in cholesterol and lipid synthesis 
(Jump, 2002). Furthermore, n-3 PUFA can inhibit the activity of nuclear factor B (NFB), 
which plays an important role in several inflammatory signalling pathways (Schmitz and 
Ecker, 2008). 
 
Fatty acid transfer from mother to offspring 
Metabolism  
All n-3 and n-6 fatty acids accumulated by the foetus are derived from the mother by 
placental transfer, either in the form of the essential precursor fatty acids ALA and LA, or in 
the form of their LC derivatives (Greenberg et al., 2008). Hepatic Δ5- and Δ6-desaturase 
expression was already detected in the foetal pig as early as day 45 of gestation, and the 
expression increased as gestation progressed (McNeil et al., 2005). However, although 
McNeil et al. (2005) showed that the foetus has the capacity for the synthesis of LC PUFA, in 
general the conversion from the precursor fatty acids to the LC PUFA is rather low (about 
5%; Brenna, 2002; Burdge and Wootton, 2002). It is often postulated that this low conversion 
rate is due to the rate-limiting enzyme Δ6-desaturase (Cho et al., 1999), although this has 
never been properly validated.  
Chapter 1A 
19 
 
This emphasises the need of the foetus for preformed LC PUFA through placental transfer. 
Although studies in the late 1980s and early 1990s (Ramsay et al., 1991; Thulin et al., 1989) 
suggested that there was little or no transfer of fatty acids across the porcine placenta during 
late gestation, the opposite has been shown since the mid and late 1990s by studies of Fritsche 
et al. (1993b) and Rooke et al. (1998). Nevertheless, mechanisms for placental LC PUFA 
uptake and transport are complex and are still not fully elucidated. In general, all fatty acids 
can cross membranes via passive diffusion. However, LC PUFA uptake is also regulated by 
several transport/binding proteins located in the plasma membrane of some tissues, including 
the placenta (Duttaroy, 2009). One of these proteins is the placental membrane fatty acid-
binding protein (p-FABPpm), which has higher affinities and binding capacities for ARA and 
DHA compared with LA and oleic acid (Campbell et al., 1998). In humans, Haggarty et al. 
(1997) have shown that the order of selectivity for PUFA uptake by the placenta is 
ARA>DHA>ALA>LA. However, the placenta also appears to preferentially retain ARA 
(probably for the production of eicosanoids) in preference to the other fatty acids, resulting in 
a different order of selective transfer to the fetal circulation, i.e. DHA>ALA>LA>ARA 
(Haggarty et al., 1997). On the other hand, when the concentration of ARA in the maternal 
circulation is increased, also the selective transfer of ARA is increased relative to the other 
fatty acids, resulting in a selective transfer of the order DHA>ARA>ALA>LA (Haggarty et 
al., 1999). Furthermore, Haggarty et al. (1997) suggested that the foetus may be able to better 
synthesise ARA than DHA from the precursor fatty acids. All these mechanisms lead to a 
much higher concentration of ARA and DHA in the foetal blood compared to the maternal 
circulation (Haggarty, 2002), a process known as „biomagnification‟ (Crawford et al., 1976).  
Additionally, placental size and concentrations of ARA and DHA in the cord blood are 
positively correlated, consistent with the suggestion that placental development and size may 
be the most important factors determining nutrient transfer to the foetus and thus foetal 
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growth (Crawford, 2000). Although the placental structure of the sow is epitheliochorial 
rather than haemochorial (as it is in humans), higher foetal ARA and DHA concentrations are 
also observed in pigs (De Quelen et al., 2010; Rooke et al., 2001c), suggesting comparable 
mechanisms. 
 
Effect of dietary n-3 PUFA on fatty acid transfer from sow to piglet and incorporation into 
piglet tissues 
The transfer of fatty acids from sow to piglet depends on many factors, such as the timing, the 
duration, and amount of supplementation, as well as the type of fatty acid supplied (precursor 
fatty acids vs. LC PUFA). Until now, two studies compared the effect of timing of 
supplementation on fatty acid transfer (Amusquivar et al., 2010; Rooke et al., 2001a). 
Amusquivar et al. (2010) supplemented sow diets with olive oil or fish oil during either the 
first or second half of gestation. They observed that maternal dietary fatty acid composition 
during either the first or second half of gestation influenced the fatty acid composition of the 
sows‟ milk and the newborn piglets‟ plasma in a similar manner, indicating that dietary fatty 
acids are stored in the maternal adipose tissue during the first half of gestation and then 
mobilised around parturition for milk synthesis. Rooke et al. (2001a) fed tuna oil to sows 
during either mid (day 63 to 91) or late (day 92 to term) gestation. Supplementing tuna oil at 
different timings during gestation had differential effects on piglet fatty acid composition, 
depending on the tissue. Increases in EPA and DHA were higher for piglets from sows fed 
tuna oil during late gestation compared with mid gestation for all piglet tissues (brain, retina, 
liver and carcass). For the n-6 fatty acids, the response differed between tissues. In the brain 
and retina, tuna oil fed during mid gestation decreased the concentrations of ARA, C22:4n-6 
and C22:5n-6 more than tuna oil fed during late gestation. For the piglet carcass and liver, the 
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decrease in these n-6 fatty acids was greater for piglets from sows fed tuna oil during late 
gestation.  
 
To investigate the dose-response to fatty acid supplementation of the maternal diet, Rooke et 
al. (2001c) supplemented the sow diet with increasing concentrations of salmon oil (0, 0.5, 1 
or 2%) from day 60 of gestation. The optimal amount of dietary salmon oil was defined as 
that which would enhance piglet DHA status at birth, while minimising reductions in ARA 
status. The DHA concentration in the piglet brain and retina at birth showed a quadratic 
increase. The greatest response was observed between 0% and 0.5% salmon oil, whereas little 
or no change was noticed between 1% and 2% salmon oil. The DHA concentration in the 
piglet liver however showed a linear response and no plateau was reached at 1% salmon oil 
inclusion. The ARA concentration decreased linearly in all piglet tissues with increasing 
dietary salmon oil. In addition, the relative piglet brain weight reached its maximum at 1% 
salmon oil inclusion. Therefore, these authors defined 1% salmon oil as the optimal amount of 
supplementary salmon oil in the maternal diet.  
Fritsche et al. (1993b) also conducted a dose-response study, although with much higher 
amounts of fish oil than in the study of Rooke et al. (2001c) (0, 3.5 or 7%, from day 107 of 
gestation). Piglet serum was sampled on day 1, 7, 14 and 21 after farrowing. The EPA 
concentration in the piglet serum increased linearly with age for piglets from sows fed 3.5% 
fish oil and increased quadratically for piglets from sows fed 7% fish oil. The rate of increase 
and the final EPA concentration in the piglet serum at 21 days of age was higher for piglets 
from sows fed 7% vs. 3.5% fish oil. Thus, whereas the increase in n-3 fatty acid concentration 
in the piglet brain at birth reached a plateau at 1% salmon oil inclusion (Rooke et al., 2001c), 
the n-3 fatty acid concentration in the piglet serum at 21 days of age was still higher at 7% 
compared to 3.5% fish oil inclusion (Fritsche et al., 1993b). This discrepancy may indicate 
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that more fatty acids reach the piglet through the milk, than in utero, as suggested by Fritsche 
et al. (1993b). Furthermore, the fatty acid composition of the piglet brain was not measured in 
the study of Fritsche et al. (1993b), but probably the brain is less sensitive to changes in 
dietary fatty acids. This lower sensitivity of the neural tissues is confirmed by the study of 
Rooke et al. (1998), where the increase in n-3 fatty acid concentration in piglet tissues 
following tuna oil supplementation of the sow diet, was in the order plasma > liver > 
erythrocytes > spleen > brain > retina. 
 
When sow diets are supplemented with the precursor fatty acid ALA in the form of linseed 
oil, some studies indicate an increase in DHA concentration in the piglet tissues (Bazinet et 
al., 2003a; De Quelen et al., 2010; Sampels et al., 2011), whereas Boudry et al. (2009) 
reported no increase. When fish oil and linseed oil supplementation were compared within the 
same experiment, Rooke et al. (2000) found that linseed oil increased the EPA concentration 
in the piglet liver, but to a lesser extent than fish oil. However, no effect of linseed oil on the 
concentration of EPA in the piglet brain or DHA in the piglet brain and liver was noticed.  
 
Hence, from the above mentioned studies, it is clear that piglet tissues, including the neural 
tissues, can be enriched with n-3 LC PUFA by supplementing the maternal diet with n-3 fatty 
acids. However, more dose-response studies are needed to determine the most optimal amount 
of n-3 fatty acid supplementation. The most optimal way to increase piglet tissue n-3 LC 
PUFA content, seems to be by supplementing the sow diet directly with n-3 LC PUFA from 
fish oil instead of the precursor fatty acid ALA, as the conversion to longer chain PUFA is 
limited. However, as fish oil is becoming a scarce resource, further research for sustainable 
alternatives is necessary. In addition, more attention is needed for the balance between n-3 
and n-6 PUFA in the sow diet, as high amounts of dietary n-3 PUFA can lower the 
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concentration of ARA in the piglet tissues, which has been associated with reductions in birth 
weight.  
 
OXIDATIVE STATUS 
 
Oxidative stress is defined as an imbalance between oxidants and antioxidants in favour of the 
oxidants (Sies, 1997). Reactive oxygen species are the most important oxidants in aerobic 
organisms, and include oxygen-centered free radicals, e.g. superoxide (O2˙ˉ) and hydroxyl 
(OH˙), and non-radical derivatives of oxygen, e.g. hydrogen peroxide (H2O2) (Hughes, 2000). 
Reactive oxygen species are formed as a natural consequence of the body‟s normal metabolic 
activity (Hughes, 2000). They are endogenous signalling molecules that are involved in the 
control of major cascades, such as apoptosis and inflammation (Lykkesfeldt and Svendsen, 
2007). Increased oxidant production, and thus oxidative stress, is therefore not always harmful 
and not necessarily associated with oxidative damage (Lykkesfeldt and Svendsen, 2007). Mild 
oxidative stress often induces antioxidant defence enzymes, but only severe stress will cause 
oxidative damage to lipids, proteins and DNA (Halliwell and Cross, 1994). 
Lipids are probably most susceptible to free radical attack, particularly LC PUFA, as they 
contain several double bonds, in between which lie methylene bridges (-CH2-), that have very 
reactive hydrogens (Hughes, 2000). The oxidative destruction of PUFA, known as lipid 
peroxidation, proceeds by a free radical chain reaction mechanism. It is initiated by the 
abstraction of hydrogen from the lipid by the action of a highly reactive radical (e.g. OH˙). 
This results in a fatty acid acyl radical (R˙), which then reacts rapidly with O2 to form a fatty 
acid peroxyl radical (ROO˙). This peroxyl radical can enter a complex series of reactions to 
yield a fatty acid peroxide (ROOH), an alkoxyl radical (RO˙) and a variety of degradation 
products (e.g. hexanal, malondialdehyde) (Morrissey and O‟Brien, 1998). 
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Since reactive oxygen species are produced in vivo, organisms have developed advanced 
cellular defence strategies, which can be divided into three levels according to their function 
(Lykkesfeldt and Svendsen, 2007). As a first level of defence against oxidants, the organism 
is equipped with several antioxidants. Antioxidants are capable of donating electrons to 
oxidants, and hence making them harmless for the organism. Two types of antioxidants can 
be distinguished: low molecular weight antioxidants (e.g. vitamin E, vitamin C) and high 
molecular weight or enzymatic antioxidants (e.g. superoxide dismutase, catalase, glutathione 
peroxidase). A second level of defence is the ability to detect and repair or remove oxidised 
and damaged molecules, by e.g. DNA repairing enzymes. As a third level of defence, if the 
extent of the oxidative damage exceeds the capacity of repair and removal, the organism can 
remove the damaged cells by apoptosis (Lykkesfeldt and Svendsen, 2007). 
 
Because cell membranes are rich in PUFA, they are particularly susceptible to oxidative 
damage, which can lead to a loss of membrane integrity, altered membrane fluidity, and 
alterations in the transmission of signals both within and between different cells (Hughes, 
2000). Hence, an increased amount of PUFA in the sow diet may increase the risk for 
oxidative stress and damage in both the sow and the piglet. This is particularly important for 
the newborn piglets, as they are known to have a very weak oxidative status (Mahan et al., 
2004). On the other hand, it has also been postulated that DHA might have antioxidative 
capacities and increased levels of DHA might thus protect against oxidative stress (Yavin et 
al., 2002). Until now, research on the effect of increased dietary intake of n-3 PUFA during 
gestation on the oxidative status of mother and progeny is limited and has provided 
inconsistent results. In the study of Shoji et al. (2006), increased dietary intakes of EPA and 
DHA did not affect the oxidative status of pregnant women, measured by urinary 8-hydroxy-
2‟-deoxyguanosine (a marker for oxidative DNA damage), and urinary malondialdehyde 
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concentrations. Similarly, an increased consumption of salmon during pregnancy did not alter 
the oxidative status of pregnant women, measured by urinary 8-iso-prostaglandin F2α, urinary 
8-hydroxy-2‟-deoxyguanosine and plasma lipid peroxide concentrations in a study of García-
Rodríguez et al. (2011). However, in the study of Franke et al. (2010), fish oil 
supplementation of the maternal diet increased the level of thiobarbituric acid-reactive 
substances (TBARS, a marker for lipid peroxidation) in the plasma of women at week 30 of 
pregnancy. In the plasma of sows, the concentration of malondialdehyde linearly increased 
with increasing concentrations of fish oil in the diet (Cools et al., 2011).  
When the effect of n-3 PUFA supplementation of the maternal diet on the oxidative status of 
the offspring was assessed, Barden et al. (2004) observed that fish oil supplementation of the 
diet of pregnant women decreased cord blood and urinary F2-isoprostanes in neonates. 
Lauridsen et al. (2007) demonstrated that sunflower oil (rich in LA) in the sow diet decreased 
the activity of glutathione peroxidase and tended to decrease the activity of superoxide 
dismutase in the liver cytosol of piglets, compared to piglets from sows fed diets containing 
rapeseed oil (rich in LA and ALA) or fish oil. Hence, from these studies, it can be concluded 
that more research is needed to assess the effect of n-3 PUFA supplementation of the sow diet 
on the oxidative status of sow and piglet and to determine whether the supply of antioxidants 
in the sow diet needs to be adapted to the amount of PUFA supplementation. 
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LIVER FATTY ACID PROFILES AND OXIDATIVE STATUS OF SOWS 
AND PIGLETS 
 
ABSTRACT 
 
N-3 polyunsaturated fatty acids (PUFA) are essential for the development of the foetus. 
Hence, including n-3 PUFA in the sow diet can be beneficial for reproduction. Both the 
amount and form (precursor fatty acids vs. long chain PUFA) of supplementation are 
important in this respect. Furthermore, including n-3 PUFA in the diet can have negative 
effects, such as decreased arachidonic acid (ARA) concentration and increased oxidative 
stress. This study aimed to compare the efficacy to increase eicosapentaenoic (EPA) and 
docosahexaenoic acid (DHA) concentrations in the piglet, when different concentrations of 
linseed oil (LO, source of precursor α-linolenic acid) or fish oil (FO, source of EPA and 
DHA) were included in the maternal diet. Sows were fed a palm oil diet or a diet including 
0.5% or 2% LO or FO from day 45 of gestation until weaning. Linoleic acid (LA) was kept 
constant in the diets to prevent a decrease in ARA, and all diets were supplemented with α-
tocopherol acetate (150 mg/kg) and organic selenium (0.4 mg/kg) to prevent oxidative stress. 
Feeding 0.5% LO or 0.5% FO to the sows resulted in comparable EPA concentrations in the 
5-day old piglet liver, but both diets resulted in lower EPA concentrations than when 2% LO 
was fed. The highest EPA concentration was obtained when 2% FO was fed. The DHA level 
in the piglet tissues could only be increased when FO, but not LO, was fed to the sows. 
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Furthermore, the 2% FO diet had no advantage over the 0.5% FO diet to increase DHA in the 
piglet. Despite the constant LA concentration in the sow diet, a decrease in ARA could not be 
avoided when LO or FO were included in the diet. Feeding 2% FO to the sows increased 
malondialdehyde concentration (marker for lipid peroxidation) in the sow plasma, but this 
was not observed in the piglets, suggesting a protective role of the placenta against foetal 
oxidative stress. 
 
INTRODUCTION 
 
Polyunsaturated fatty acids (PUFA) are essential for the growth and development of the foetus 
(Innis, 1991; Uauy et al., 2000). Particularly the n-3 long chain (LC) PUFA eicosapentaenoic 
acid (C20:5n-3, EPA) and docosahexaenoic acid (C22:6n-3, DHA) are important. EPA is a 
precursor for eicosanoids and thus important for the immune system (Calder, 2009), whereas 
DHA is a structural component of the membrane phospholipids and present in high 
concentrations in the brain and retina (Stillwell and Wassall, 2003). Therefore, including n-3 
PUFA in the sow diet can have beneficial effects on reproductive outcome. N-3 PUFA can be 
included in the diet either in the form of the LC PUFA EPA and DHA, through e.g. the 
addition of fish oil, or in the form of precursor fatty acids. These precursor fatty acids can 
then be converted to their LC derivatives by the animal itself. Until now, no clear 
recommendations are available regarding the amount and timing of n-3 PUFA 
supplementation. Only three dose-response studies with fish oil in the sow diet have been 
performed (Cools et al., 2011; Fritsche et al., 1993b; Rooke et al., 2001c), but each of them 
with different amounts and duration of supplementation, which makes it difficult to draw firm 
conclusions on the optimal amount and timing of supplementation. Also no recommendations 
on the amount of supplementation of precursor fatty acids are known. As fish oil is becoming
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 a scarce resource (Delgado et al., 2003), interest in the use of these precursor fatty acids has 
grown. A possible source of precursor fatty acids is linseed oil, which is rich in α-linolenic 
acid (C18:3n-3, ALA). Including linseed oil in the maternal diet has already been studied in 
pigs (e.g. Bazinet et al., 2003a; De Quelen et al., 2010; Rooke et al., 2000), but discrepancy 
exists between studies regarding the efficiency of the conversion of ALA to EPA and DHA. 
Therefore, the first objective of this study was to compare the transfer of fatty acids from sow 
to piglet and the efficacy to increase the EPA and DHA concentrations in the piglet, when 
different concentrations of linseed oil or fish oil are included in the maternal diet. 
Until now, most studies only focus on the supplementation of n-3 PUFA, without taking into 
account the concentration of n-6 PUFA. Nonetheless, the n-6 LC PUFA arachidonic acid 
(C20:4n-6, ARA) has important biological functions, e.g. as a precursor for eicosanoids and 
acting in cell signalling (Kurlak and Stephenson, 1999). In addition, it has been suggested that 
ARA is positively correlated with growth (Carlson et al., 1993a). However, an increased 
supply of n-3 PUFA is known to inhibit the formation of ARA from linoleic acid (C18:2n-6, 
LA), due to the competition for the Δ6-desaturase enzyme and preference of this enzyme for 
n-3 over n-6 PUFA (Kurlak and Stephenson, 1999). Hence, it is important to control n-6 
PUFA levels, when including n-3 PUFA in the diet. Therefore, the second objective of this 
study was to investigate the effect of different concentrations of linseed oil and fish oil in the 
maternal diet on the ARA concentration in the sow and piglet, when controlling the level of 
LA in the diet.  
Adding PUFA to the diet can also have negative effects on the organism. As a result of their 
double bonds, PUFA are very prone to oxidation. As cell membranes are rich in PUFA, 
oxidative damage can lead to a loss of membrane integrity, altered membrane fluidity and 
altered transmission of signals within and between different cells (Hughes, 2000). Hence, 
supplementation of PUFA to the diet may induce oxidative stress (L‟Abbé et al., 1991). 
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However, it has also been claimed that dietary supplementation of n-3 PUFA may enhance 
resistance to free radical attack and reduce lipid peroxidation (Erdogan et al., 2004). Until 
now, most studies that investigated the effect of n-3 PUFA in the maternal diet did not 
consider its implications on oxidative status. Therefore, the third objective of this study was to 
investigate if n-3 PUFA can be added to the maternal diet, without increasing oxidative stress 
in mother and progeny. 
 
MATERIALS AND METHODS 
 
Animals and diets 
The trials were conducted on two farms of Danis NV in Belgium from January 2007 until 
November 2008, and were approved by the Ethical Committee of the Faculty of Veterinary 
Sciences and Bioscience Engineering of Ghent University (approval numbers EC 2006/119, 
EC 2007/062 and EC 2008/061). 
Eight groups of twelve sows (50% Landrace × 50% Large White; parity 2.1 ± 0.64) were used 
in the experiment (four groups per farm). The farms practiced a 3-week or a 4-week batch 
production system and each group of sows represented one batch. The sows were inseminated 
with Piétrain pig semen and were fed a standard commercial gestation diet until day 45 of 
gestation. Afterwards, the sows were fed one of five experimental diets: (1) a palm oil diet 
(PO); or a diet including (2) 0.5% linseed oil (0.5% LO); (3) 2% linseed oil (2% LO); (4) 
0.5% fish oil (0.5% FO) and (5) 2% fish oil (2% FO). Linseed oil and fish oil were included 
in the diet by replacing palm oil. Fish oil was obtained from INVE België NV (Baasrode, 
Belgium). Four groups of sows (two groups per farm) were assigned to the PO diet and the 
other four groups were each allocated to one of the other experimental diets (diets 2 to 5). The 
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sows were housed in individual pens and were fed the diets from day 45 of gestation by dump 
feeder, to meet their daily requirements. 
One week before the expected farrowing date, the sows were transferred to the farrowing 
crates and from then on were fed 2.5 kg/day of the lactation diet until farrowing. After 
farrowing, feed allowance was increased from 2 kg/day by approximately 1 kg/day until ad 
libitum feed intake was reached. The sows were subsequently offered feed according to 
appetite. All gestation and lactation diets were formulated to contain a similar amount of LA 
(13 g/kg diet) by regulating the level of soy oil in the diet and were iso-energetic. All diets 
were supplemented with the antioxidant α-tocopherol acetate (150 mg/kg diet) and organic 
selenium (0.4 mg/kg diet; Sel-Plex, Alltech Inc., Nicholasville, KY, USA). The ingredients, 
oil inclusion, nutrient composition and fatty acid profile of the gestation and lactation diets are 
given in appendix (Table A.1, Table A.2 and Table A.3).  
During lactation, piglets had access to creep feed. Weaning occurred at 3 weeks or 4 weeks, 
depending on the farm management system. 
 
Experimental procedures  
At day 93 of gestation and around farrowing, blood samples (15 mL) were taken from each 
sow by jugular venepuncture (Vacuette tubes with K3EDTA, Greiner bio-one). Feed was not 
withdrawn from sows before blood collection. Farrowing was not induced and during 
farrowing, a sample of colostrum was obtained by hand and stored at -20°C until analysis. 
Piglets were not separated from sows before and during colostrum collection. As it was not 
possible to attend all farrowings, 58 samples of colostrum were obtained (29, 10, 10 and 9 
samples from sows fed the PO, 0.5% LO, 0.5% FO and 2% FO diet, respectively). Colostrum 
sampling failed with the sows fed the 2% LO diet. 
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Five days after expected farrowing (5.0 ± 0.23 days) and at weaning (21.8 ± 0.50 days), six 
female piglets per group (one piglet from six sows per batch) with body weight close to the 
mean piglet weight of the litter were selected. These selected piglets were killed by inhalation 
of Isoflurane (Isoba, Schering-Plough Animal Health, Middlesex, UK), immediately followed 
by bleeding. Piglets were not separated from the sows before being sacrificed. Blood samples 
were collected into tubes containing EDTA and samples of liver were taken and stored at -
20°C until analysis. All blood samples were centrifuged at 1800 x g during 15 min at room 
temperature and stored at -20°C  until analysis. 
Some values were missing as blood sampling failed with five sows on day 93 of gestation 
(one sow on the 0.5% LO diet, two sows on the PO diet and on the 0.5% FO diet) and with 
seven sows at parturition (one sow on the 0.5% FO diet, three sows on the PO diet and on the 
0.5% LO diet). Three results for fatty acid composition of red blood cells (RBC) were omitted 
from the dataset (one sow fed the 0.5% LO diet, one sow fed the 2% LO diet and one weaned 
piglet born from a sow fed the PO diet), as these deviated strongly (> 3 SD) from the other 
results. For oxidative status measurements, there were also some missing values due to 
insufficient blood volume for all analyses. The exact number of observations is given in Table 
1.1 and Table 1.2.  
 
Analytical procedures  
Feed samples were analysed for dry matter, ash (ISO 5984), crude protein (ISO 5983-1) and 
crude fat (ISO 6492). Lipids were extracted from 5 g of feed, 3 g of liver and 1 mL of RBC 
(Folch et al., 1957). Fatty acids were methylated and analysed by gas-liquid chromatography 
according to Raes et al. (2001). The fatty acid composition of colostrum was analysed by GC, 
with milk fat extraction adapted from Chouinard et al. (1997), followed by methylation 
(Stefanov et al., 2010). 
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The following parameters related to oxidative status were measured: ferric reducing ability of 
plasma (FRAP), α-tocopherol level, malondialdehyde concentration (MDA) and glutathione 
peroxidase activity (GSH-Px). The FRAP value is a measure for the total antioxidative 
capacity of plasma. The analysis is based on the reduction of Fe
3+
-tripyridyltriazine to Fe
2+
-
tripyridyltriazine by antioxidants present in the plasma (Benzie and Strain, 1996). FRAP was 
analysed in sow and piglet plasma and expressed in nmol Fe
2+
 formed per milliliter of plasma. 
The α-tocopherol levels were determined using high-performance liquid chromatography 
(HPLC), by saponification with KOH and hexane extraction (Desai, 1984). The α-tocopherol 
levels were analysed in sow and piglet plasma, piglet liver and feed. The results are expressed 
as microgram per milliliter of plasma, per gram liver, or per gram feed, respectively. 
Malondialdehyde is an endproduct of lipid peroxidation and its concentration was measured 
spectrophotometrically by a modified method in accordance to Grotto et al. (2007). MDA was 
measured in sow and piglet plasma and the concentrations are expressed as nanomol MDA 
per milliliter of plasma. Glutathione peroxidase is an enzyme which protects the organism 
from oxidative damage by reducing hydrogen peroxide and lipid peroxides. The activity was 
determined by measuring the oxidation of NADPH according to the method of Hernández et 
al. (2004). It was determined in sow and piglet plasma and piglet liver and is expressed as 
nmol NADPH per minute per milliliter of plasma, or per milligram liver, respectively. 
 
Statistical analysis 
The data were analysed by ANOVA using the Mixed Model procedure of SAS (SAS 
Enterprise Guide 4, version 4.3, SAS Institute Inc., Cary, NC, USA). The data for fatty acid 
composition and oxidative status parameters in the blood of the sows were analysed using an 
ANOVA for repeated measurements, with sow as the subject of the repeated effect of time 
(i.e. days of gestation) and with diet, time and the diet × time interaction term as fixed effects. 
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The fatty acid composition of the colostrum, and the fatty acid composition and oxidative 
status parameters in the blood and liver of the 5-day old and weaned piglets was analysed 
using a model with diet as fixed effect. Post-hoc comparison of least squares means was done 
using the Tukey method. Differences were considered significant at P < 0.05. Values in the 
text are presented as least squares means ± SE. Pearson correlation coefficients were 
calculated between the oxidative status parameters of the sows at parturition and their 5-day 
old piglets.  
 
RESULTS 
 
Diet composition 
The analysed nutrient composition was in line with the formulated values, except for the α-
tocopherol content. Although it was intended to supplement all diets with 150 mg α-
tocopherol acetate per kg diet, analysis showed that the 0.5% LO and 0.5% FO gestation and 
lactation diets and the PO lactation diet had lower levels of α-tocopherol (Table A.2 and Table 
A.3). The reason for this anomaly is unclear, but may indicate a manufacturing fault. This will 
be taken into account when discussing the results. 
 
Fatty acid composition 
Sows  
No differences between dietary treatments were observed on the LA concentration in sow 
RBC at day 93 of gestation. At parturition, however, a lower LA concentration was observed 
for the sows on the 0.5% LO (8.9 ± 0.96 g/100 g fatty acids) and 0.5% FO diet (11.6 ± 0.86 
g/100 g fatty acids), compared to the PO diet (15.1 ± 0.41 g/100 g fatty acids; P < 0.001). At 
day 93 of gestation, sows fed the 0.5% FO diet had lower concentrations of ARA in their 
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RBC than sows fed the PO and 2% LO diet (P < 0.001), with intermediate and not 
significantly different values for the 0.5% LO and 2% FO diet (Figure 1.3). At parturition, the 
ARA concentration was lower in the RBC of all sows fed a diet containing LO or FO, 
compared to the PO diet (P < 0.001). Furthermore, the ARA concentration was lower at 
parturition than at day 93 of gestation for sows fed the 0.5% LO and 2% LO diet. 
 
 
Figure 1.3. Arachidonic acid (C20:4n-6, ARA) concentration in the red blood cells (RBC) of 
sows at day 93 of gestation and at parturition, and of 5-day old and weaned piglets, when 
sows were fed either a palm oil diet (PO) or a diet containing 0.5% or 2% linseed oil (LO) or 
fish oil (FO) from day 45 of gestation until weaning. 
a,b,c,d 
Within the same time of blood 
sampling, mean values with unlike superscript letters were significantly different between 
diets (P < 0.05). 
*
 Significant difference between parturition and day 93 of gestation within 
the same diet (P < 0.05). Values are least squares means with standard error. For the sows, n = 
45-46 for the palm oil diet and n = 8-12 for all other diets; for the piglets, n = 23-24 for the 
palm oil diet and n = 6 for all other diets. 
 
The ALA concentration in the sow RBC was 2.2-fold higher at day 93 of gestation and 1.5-
fold higher at parturition (P < 0.001) when 2% LO was fed to the sows compared to all other 
diets. No differences in ALA concentrations were observed between the other dietary 
Chapter 1B 
38 
 
treatments. Including 2% FO in the sow diet increased the EPA concentration in the sow RBC 
at day 93 of gestation, compared to the other diets (P < 0.001; Figure 1.4). Furthermore, the 
EPA concentration was higher for the sows fed the 0.5% LO, 2% LO and 0.5% FO diets, 
compared to the PO diet. At parturition, however, no differences between dietary treatments 
in EPA concentration in sow RBC were observed, and the EPA concentration was lower at 
parturition than at day 93 of gestation for sows fed the 0.5% LO, 0.5% FO and 2% FO diet.  
 
 
Figure 1.4. Eicosapentaenoic acid (C20:5n-3, EPA) concentration in the red blood cells 
(RBC) of sows at day 93 of gestation and at parturition, and of 5-day old and weaned piglets, 
when sows were fed either a palm oil diet (PO) or a diet containing 0.5% or 2% linseed oil 
(LO) or fish oil (FO) from day 45 of gestation until weaning. 
a,b,c 
Within the same time of 
blood sampling, mean values with unlike superscript letters were significantly different 
between diets (P < 0.05). 
*
 Significant difference between parturition and day 93 of gestation 
within the same diet (P < 0.05). Values are least squares means with standard error. For the 
sows, n = 45-46 for the palm oil diet and n = 8-12 for all other diets; for the piglets, n = 23-24 
for the palm oil diet and n = 6 for all other diets. 
 
The DHA concentration in sow RBC at day 93 of gestation was higher for the sows fed the 
2% FO diet compared to all other diets, and it was higher for the sows fed the 0.5% LO or 
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0.5% FO diet, compared to the PO and 2% LO diet (Figure 1.5). At parturition, the DHA 
concentration was higher for the sows fed the 0.5% FO or 2% FO diet compared to the 0.5% 
LO and 2% LO diet. The DHA concentration in the sow RBC also decreased at parturition 
compared to day 93 of gestation for sows fed the 0.5% LO or 2% FO diet.  
 
 
Figure 1.5. Docosahexaenoic acid (C22:6n-3, DHA) concentration in the red blood cells 
(RBC) of sows at day 93 of gestation and at parturition, and of 5-day old and weaned piglets, 
when sows were fed either a palm oil diet (PO) or a diet containing 0.5% or 2% linseed oil 
(LO) or fish oil (FO) from day 45 of gestation until weaning. 
a,b,c 
Within the same time of 
blood sampling, mean values with unlike superscript letters were significantly different 
between diets (P < 0.05). 
*
 Significant difference between parturition and day 93 of gestation 
within the same diet (P < 0.05). Values are least squares means with standard error. For the 
sows, n = 45-46 for the palm oil diet and n = 8-12 for all other diets; for the piglets, n = 23-24 
for the palm oil diet and n = 6 for all other diets. 
 
Colostrum  
The LA concentration in the colostrum of the sows did not differ between dietary treatments 
(P = 0.10). Including 0.5% FO or 2% FO in the sow diet resulted in lower ARA 
concentrations in the colostrum, compared to the PO diet (0.84 ± 0.041 g/ 100 g fatty acids, 
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0.77 ± 0.044 g/ 100 g fatty acids, and 1.01 ± 0.024 g/ 100 g fatty acids, for the 0.5% FO, 2% 
FO and PO diet, respectively; P < 0.001).  
The ALA concentration in the colostrum was 1.5- to 2-fold higher when 0.5% LO was fed to 
the sows, compared to the other diets (P < 0.001; 2% LO diet not included, since no samples 
were available). Including 2% FO in the sow diet increased the EPA concentration in the 
colostrum (0.74 ± 0.055 g/ 100 g fatty acids), in comparison with the PO, 0.5% LO and 0.5% 
FO diet (0.21 ± 0.031 g/ 100 g fatty acids, 0.19 ± 0.052 g/ 100 g fatty acids, and 0.34 ± 0.052 
g/ 100 g fatty acids, respectively; P < 0.001). The DHA concentration in the colostrum was 
higher for sows fed the 0.5% FO diet (1.32 ± 0.052 g/ 100 g fatty acids) than for all other 
diets, and it was higher for sows fed the 2% FO diet (0.76 ± 0.055 g/ 100 g fatty acids) 
compared to sows fed the PO (0.28 ± 0.031 g/ 100 g fatty acids) and 0.5% LO diet (0.26 ± 
0.052 g/ 100 g fatty acids; P < 0.001).  
 
Piglet RBC  
The LA concentration in the RBC of 5-day old piglets was lower for the piglets born from 
sows fed the 0.5% LO diet (10.1 ± 0.84 g/ 100 g fatty acids) or the 0.5% FO diet (8.9 ± 0.84 
g/ 100 g fatty acids), compared with the PO diet (13.2 ± 0.42 g/ 100 g fatty acids; P < 0.001). 
At weaning, however, the LA concentration in the RBC was lower for piglets born from sows 
fed the 2% FO diet (10.5 ± 0.96 g/ 100 g fatty acids), compared to piglets from sows fed the 
PO diet (14.2 ± 0.50 g/ 100 g fatty acids; P = 0.004). Including LO or FO in the diet of the 
sow decreased the ARA concentration in the RBC of the 5-day old piglets compared to the 
PO diet (Figure 1.3). Also at weaning, the ARA concentrations in the RBC of the piglets 
decreased when LO or FO were fed to the sows, except for the 2% LO diet.  
A 1.5- to 3-fold increase in ALA concentration was observed in the RBC of the piglets born 
from sows fed the 2% LO diet compared to all other dietary treatments (P < 0.001), both at 5 
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days of age and at weaning. No differences in ALA concentration in the piglet RBC were 
observed between the other dietary treatments, except at weaning, where the ALA 
concentration was lower when 0.5% LO was fed to the sows compared with 2% FO. Feeding 
the 0.5% FO or 2% FO diet to the sows resulted in higher EPA concentrations in the RBC of 
the 5-day old piglets, compared with piglets from sows fed the PO or 2% LO diet (Figure 
1.4). At weaning, the EPA concentration in the piglet RBC was higher for the 0.5% FO diet 
compared to all other diets, and it was higher for piglets born from sows fed the 2% LO or 2% 
FO diet, compared with the PO and 0.5% LO diet. Including 2% FO in the diet of the sow 
increased the DHA concentration in the RBC of the 5-day old piglets, compared with piglets 
born from sows fed the PO, 0.5% LO or 2% LO diet, with an intermediate and not 
significantly different value for piglets from sows fed the 0.5% FO diet (Figure 1.5). At 
weaning, however, no differences in DHA concentration between the dietary treatments were 
observed.  
 
Piglet liver  
The LA concentration in the liver of 5-day old piglets was higher when PO (14.7 ± 0.32 g/ 
100 g fatty acids) or 2% LO (15.4 ± 0.64 g/ 100 g fatty acids) was fed to the sows, compared 
with the 2% FO diet (12.5 ± 0.64 g/ 100 g fatty acids; P = 0.024). The LA concentration in the 
liver of weaned piglets was higher when PO (15.5 ± 0.19 g/ 100 g fatty acids), 2% LO (15.6 ± 
0.37 g/ 100 g fatty acids) or 2% FO (15.3 ± 0.37 g/ 100 g fatty acids) was fed to the sows, 
compared with the 0.5% FO diet (13.7 ± 0.37 g/ 100 g fatty acids; P < 0.001). The ARA 
concentration in the liver of 5-day old piglets was higher when 0.5% LO was fed to the sows, 
compared with the 2% LO and 2% FO diet (Figure 1.6). The ARA concentration in the liver 
of the weaned piglets only decreased when 2% FO was fed to the sows.  
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Figure 1.6. Arachidonic acid (C20:4n-6, ARA) concentration in the liver of 5-day old and 
weaned piglets, born from sows that were fed either a palm oil diet (PO) or a diet containing 
0.5% or 2% linseed oil (LO) or fish oil (FO) from day 45 of gestation until weaning. 
a,b 
Within 
the same time of blood sampling, mean values with unlike superscript letters were 
significantly different between diets (P < 0.05). Values are least squares means with standard 
error, n = 24 for the palm oil diet and n = 6 for all other diets. 
 
 
Feeding 2% LO to the sows increased the ALA concentration of the piglets, both at 5 days of 
age (4- to 5-fold increase; P < 0.001) and at weaning (2- to 3-fold increase; P < 0.001). No 
differences in ALA concentration in the piglet liver were observed between the other dietary 
treatments. The EPA concentration in the liver was the highest for the piglets from the sows 
fed the 2% FO diet, followed by the piglets from the sows fed the 2% LO diet (Figure 1.7). 
Both dietary treatments resulted in higher liver EPA concentrations than the 0.5% FO diet. At 
5 days of age, the EPA concentrations in the liver of the piglets were similar when the sows 
were fed the PO, 0.5% LO, or 0.5% FO diet. At weaning, the EPA concentration was higher 
in the liver of piglets from sows fed the 0.5% FO diet, compared to the PO or 0.5% LO diet. 
Feeding the 0.5% FO or 2% FO diet to the sows resulted in higher DHA concentrations in the 
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piglet liver at 5 days of age, compared with the other dietary treatments (Figure 1.8). At 
weaning, the DHA concentration was higher when 0.5% FO was fed to the sows compared to 
all other diets. Also the 2% FO diet resulted in higher liver DHA concentrations than the PO, 
0.5% LO or 2% LO diet.  
 
 
 
Figure 1.7. Eicosapentaenoic acid (C20:5n-3, EPA) concentration in the liver of 5-day old 
and weaned piglets, born from sows that were fed either a palm oil diet (PO) or a diet 
containing 0.5% or 2% linseed oil (LO) or fish oil (FO) from day 45 of gestation until 
weaning. 
a,b,c,d 
Within the same time of blood sampling, mean values with unlike superscript 
letters were significantly different between diets (P < 0.05). Values are least squares means 
with standard error, n = 24 for the palm oil diet and n = 6 for all other diets. 
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Figure 1.8. Docosahexaenoic acid (C22:6n-3, DHA) concentration in the liver of 5-day old 
and weaned piglets, born from sows that were fed either a palm oil diet (PO) or a diet 
containing 0.5% or 2% linseed oil (LO) or fish oil (FO) from day 45 of gestation until 
weaning. 
a,b,c 
Within the same time of blood sampling, mean values with unlike superscript 
letters were significantly different between diets (P < 0.05). Values are least squares means 
with standard error, n = 24 for the palm oil diet and n = 6 for all other diets. 
 
Oxidative status  
Sows  
No differences between dietary treatments were observed on the FRAP value in the sow 
plasma at day 93 of gestation (Table 1.1). At parturition, however, the FRAP value was higher 
for sows that were fed the 2% FO diet, compared to the PO, 0.5% LO and 0.5% FO diet. 
Furthermore, for sows fed the 2% FO diet, the FRAP value was higher at parturition than at 
day 93 of gestation. Independent of the day of gestation, the α-tocopherol level was higher in 
the plasma of sows fed the PO, 2% LO or 2% FO diet, compared to the 0.5% LO and 0.5% 
FO diet. However, this probably resulted from a diet preparation error, as explained earlier. 
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Independent of the diet, the α-tocopherol level was lower at parturition than at day 93 of 
gestation. No differences between dietary treatments were observed on the MDA 
concentration in the sow plasma at day 93 of gestation. At parturition, the MDA concentration 
was higher in the plasma of sows fed the 2% FO diet, compared to sows fed the PO and 0.5% 
LO diet. Independent of the day of gestation, the 2% FO diet resulted in a higher GSH-Px 
activity than all other diets, and the 0.5% LO diet resulted in a lower GSH-Px activity than all 
other diets, except for the 0.5% FO diet. Independent of the diet, the GSH-Px activity was 
lower at parturition than at day 93 of gestation.  
 
Piglets  
At 5 days of age, the FRAP value of the piglet plasma was higher in the piglets born from 
sows fed the 2% LO diet, compared to the PO, 0.5% FO and 2% FO diet, whereas at weaning 
no differences between dietary treatments were observed (Table 1.2). Both at 5 days of age 
and at weaning, no differences in α-tocopherol level in the piglet plasma were observed 
between the dietary treatments. Also the α-tocopherol level in the piglet liver was not affected 
by diet at 5 days of age. However, at weaning the α-tocopherol level was higher in the liver of 
the piglets born from sows fed the 0.5% LO diet, compared to the 0.5% FO and 2% FO diet. 
The MDA concentration at weaning was lower in the plasma of the piglets from sows fed the 
2% FO diet, compared to all other diets, and a similar trend was observed at 5 days of age. At 
weaning, the GSH-Px activity in the piglet plasma was higher for the 2% LO diet compared to 
all other diets, and a similar trend was observed at 5 days of age. The GSH-Px activity in the 
piglet liver at 5 days of age was higher when the 2% FO diet was fed to the sows, compared to 
the PO, 2% LO and 0.5% FO diet, whereas no differences in GSH-Px activity between dietary 
treatments were observed in the piglet liver at weaning.  
  
 
 
 
 
Table 1.1. Oxidative status parameters in the plasma of gestating sows fed either a palm oil diet or a diet containing different concentrations of linseed oil or fish oil 
1
 
Oxidative status 
parameters  
Day 93 of gestation Parturition RMSE P 
PO 0.5% LO 2% LO 0.5% FO 2% FO PO 0.5% LO 2% LO 0.5% FO 2% FO Diet Time Diet × 
Time 
FRAP 
nmol Fe
2+
/mL plasma 
651 608 381 427 393 603
b
 426
b
 723
ab
 428
b
 1052
a*
 362 0.083 0.010 <0.001 
α-tocopherol 2 
µg/mL plasma 
3.05
a
 2.08
b
 2.93
a
 2.31
b
 3.52
a
 2.40
a*
 1.14
b*
 2.18
a*
 1.36
b*
 2.54
a*
 0.617 <0.001 <0.001 0.60 
MDA  
nmol/mL plasma 
15.4 11.2 8.52 15.3 17.8 14.5
b
 8.57
b
 19.8
ab
 15.6
ab
 25.6
a
 9.27 0.005 0.049 0.015 
GSH-Px 
nmol NADPH/(min·mL 
plasma)  
750
b
 441
d
 733
bc
 503
cd
 1010
a
 623
b*
 301
d*
 495
bc*
 418
cd*
 1031
a*
 213 <0.001 <0.001 0.064 
FRAP, ferric reducing ability of plasma; MDA, malondialdehyde; GSH-Px, glutathione peroxidase; PO, palm oil; LO, linseed oil; FO, fish oil.
 
a,b,c,d 
Within the same time of blood sampling, mean values with unlike superscript letters were significantly different between diets (P < 0.05).  
*
 Significant difference between parturition and day 93 of gestation within the same diet (P < 0.05). 
1
 Values are least squares means with root mean square error (RMSE), n = 45-48 for palm oil diet and n = 6-12 for all other diets. 
2
 Lower α-tocopherol levels in the plasma of sows fed the 0.5% LO or 0.5% FO diets may result from lower levels of α-tocopherol in these diets, probably due to a diet 
preparation error. 
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Table 1.2. Oxidative status parameters in the plasma and liver of 5-day old and weaned piglets, born from sows 
fed either a palm oil diet or a diet containing different concentrations of linseed oil or fish oil from day 45 of 
gestation until weaning 
1
 
Oxidative status parameters Diet RMSE P 
PO 0.5% LO 2% LO 0.5% FO 2% FO Diet 
5-day old piglets        
FRAP 
nmol Fe
2+
/mL plasma 
475
b
 516
ab
 727
a
 375
b
 368
b
 159 0.002 
α-tocopherol  
µg/mL plasma 
7.19 6.52 8.12 6.58 7.98 3.21 0.85 
α-tocopherol  
µg/g liver 
25.4 28.7 20.5 39.9 22.5 21.8 0.56 
MDA  
nmol/mL plasma 
13.1 14.9 12.1 13.7 8.06 4.20 0.07 
GSH-Px 
nmol NADPH/(min·mL plasma)  
300 129 476 109 253 236 0.06 
GSH-Px 
nmol NADPH/(min·mg liver) 
8.87
b
 9.08
ab
 8.79
b
 8.89
b
 13.5
a
 2.91 0.019 
Weaned piglets        
FRAP 
nmol Fe
2+
/mL plasma 
524 443 559 368 495 140 0.11 
α-tocopherol  
µg/mL plasma 
4.71 4.27 4.57 3.05 4.99 2.14 0.51 
α-tocopherol  
µg/g liver 
6.75
ab
 11.0
a
 10.5
ab
 5.45
b
 5.46
b
 3.73 0.017 
MDA  
nmol/mL plasma 
11.5
a
 11.9
a
 13.0
a
 12.0
a
 7.05
b
 1.81 <0.001 
GSH-Px 
nmol NADPH/(min·mL plasma)  
373
b
 255
b
 683
a
 208
b
 255
b
 217 0.003 
GSH-Px 
nmol NADPH/(min·mg liver) 
12.4 12.5 7.03 9.01 11.8 5.05 0.15 
FRAP, ferric reducing ability of plasma; MDA, malondialdehyde; GSH-Px, glutathione peroxidase; PO, palm 
oil; LO, linseed oil; FO, fish oil.
 
a,b 
Within a row, means for diet without a common superscript differ (P < 0.05). 
1
 Values are least squares means with root mean square error (RMSE), n = 22-24 for palm oil diet and n = 6 for 
all other diets. 
 
Correlations  
A negative correlation was observed between the MDA concentration in the sow plasma at 
parturition and the piglet plasma at 5 days of age (correlation coefficient = -0.36; P = 0.016). 
A positive correlation was observed between the GSH-Px activity in the sow plasma and the 
5-day old piglet liver (correlation coefficient = 0.35; P = 0.019). No significant correlations 
were found for the other oxidative status parameters.  
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DISCUSSION 
 
The first objective of this study was to compare the transfer of fatty acids from sow to piglet 
and the efficacy to increase the EPA and DHA concentration in the piglet, when different 
concentrations (0, 0.5, and 2%) of linseed oil or fish oil were included in the maternal diet. 
When comparing the linseed oil with the fish oil diets, an equal efficacy to increase the EPA 
concentration in the sow RBC at day 93 of gestation was observed between the LO diets and 
the 0.5% FO diet (but both lower than when 2% FO was fed). Furthermore, the EPA 
concentration in the piglet liver was higher when the sows were fed the 2% LO diet compared 
to the 0.5% FO diet, but both diets resulted in lower EPA concentrations than when 2% FO 
was fed. The 0.5% LO diet increased the DHA concentration in the sow RBC at day 93 of 
gestation to the same extent as the 0.5% FO diet, resulting in higher DHA concentrations than 
when 2% LO was fed, but lower DHA concentrations than when the 2% FO diet was fed. In 
the piglet tissues, however, only the FO diets were able to increase the DHA concentration. 
Hence, feeding 0.5% LO or 2% LO to the sows resulted in comparable or even higher EPA 
concentrations in the sow RBC and piglet liver than feeding 0.5% FO, but the increase in EPA 
was lower than for the 2% FO diet. Furthermore, feeding linseed oil to the sows could not 
increase the DHA concentration in the piglet tissues. This was in accordance to the 
observations of Rooke et al. (2000), where sows were fed diets containing 1.75% maize oil, 
tuna oil or a mixture of maize and linseed oils throughout gestation and lactation. Similar as 
the 2% LO and 2% FO diets, feeding 1.75%  tuna oil to the sows increased the concentrations 
of EPA and DHA in the piglet liver at birth, whereas the 1.75% linseed oil diet only increased 
piglet liver EPA concentrations, but to a lesser extent than tuna oil.  
One possible reason for the poor conversion of ALA to EPA and DHA is the high percentage 
of ALA directed towards β-oxidation (approximately 60-85% of ALA, according to the 
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studies of Cunnane and Anderson (1997) and Poumès-Ballihaut et al. (2001)). Furthermore, it 
appears that the production of DHA from ALA is metabolically limited at a step beyond 
C22:5n-3 formation, as reviewed by Barceló-Coblijn and Murphy (2009). This explains the 
increase in EPA, but not DHA concentrations when linseed oil was fed. These authors further 
suggest that the conversion of ALA to DHA is dependent on the type of tissue, which may be 
due to differential tissue expression of elongase-2, the enzyme responsible for the conversion 
of C22:5n-3 to C24:5n-3. Therefore, it cannot be excluded that a better conversion of ALA to 
DHA may be found in other piglet tissues.  
Another possible reason for the lack of increase in DHA concentration in piglet tissues when 
linseed oil was fed to the sows, may be that the PO diet was not completely deficient in ALA, 
and thus conversion from ALA to EPA and DHA could also occur in animals fed the PO diet. 
The reason for this assumption can be found when comparing our results with the study of 
Bazinet et al. (2003a). In this study, sows were fed either a control diet or a diet containing 
2% linseed oil from 10 days before parturition until 14 days post-partum. The 14-day old 
piglets suckling from sows fed the 2% linseed oil diet had significantly more ALA, EPA and 
DHA in their liver compared to the piglets from sows fed the control diet (333%, 800% and 
54% more ALA, EPA and DHA, respectively). Similar concentrations of ALA, EPA and 
DHA were observed in our study in the liver of the weaned piglets born from sows fed the 2% 
LO diet. However, the differences with the PO diet were much smaller compared with the 
study of Bazinet et al. (2003a) (153%, 252% and 2% more ALA, EPA and DHA, 
respectively), and for DHA, the difference was no longer significant. These higher ALA, EPA 
and DHA concentrations in the liver of the piglets born from sows fed the PO diet compared 
to the control diet in the study of Bazinet et al. (2003a), probably result from the higher ALA 
concentration in the PO diet (4.2 g/100 g FA) compared with the control diet of Bazinet et al. 
(2003a) (2.3 g/100 g FA). Furthermore, as the 0.5% LO and 2% LO diets did not result in 
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higher DHA levels in the piglet tissues compared with the PO diet, this may imply that the PO 
diet already contained enough ALA to obtain an optimal DHA concentration in the piglet 
tissues. This hypothesis is further strengthened by the lack of difference in DHA 
concentration between piglets born from sows fed the 0.5% LO or 2% LO diet. It appears that 
the extra ALA is further converted to EPA but not DHA, β-oxidised, and/or incorporated in 
the tissues as is the case for the 2% LO diet (but not the 0.5% LO diet). Also Blank et al. 
(2002) observed non-linear effects of dietary ALA levels on its conversion to longer chain n-3 
PUFA. The highest levels of DHA were not found in diets containing the highest ALA 
content, but maximal DHA accumulation occurred when the LA to ALA ratio was within the 
range of 3:1-4:1, which in our study corresponds with the 0.5% LO diet. 
 
When comparing the 0.5% FO with the 2% FO diet, the EPA concentration in the sow RBC at 
day 93 of gestation and in the colostrum, was higher when 2% FO was fed to the sows 
compared to the 0.5% FO diet, as could be expected from the diet. Similar results were 
observed in the piglet liver at 5 days of age and at weaning. However, no difference in EPA 
concentration was observed between the 0.5% FO and 2% FO diets in the piglet RBC at 5 
days of age. At weaning, the EPA concentration in the RBC was even higher for piglets from 
the 0.5% FO diet.  
Similar as in the diet, the DHA concentration in the sow RBC at day 93 of gestation was 
higher when 2% FO was fed to the sows compared to 0.5% FO. However, no difference in 
DHA concentration between the 0.5% FO and 2% FO dietary treatments was observed in the 
sow RBC at parturition and in the piglet RBC and liver at 5 days of age. Moreover, the DHA 
concentration in colostrum and in weaned piglet liver was even higher when 0.5% FO was fed 
to the sows, compared to 2% FO. Hence, the 2% FO diet had no advantage over the 0.5% FO 
diet to increase the DHA concentration in the piglet, although the EPA concentration in the 
Chapter 1B 
51 
 
piglet liver was higher when 2% FO was fed. Possibly, the additional DHA supply of the 2% 
FO diet is partly retro-converted to EPA or β-oxidised.  
Our results are in contrast with the study of Cools et al. (2011), where the concentrations of 
EPA and DHA linearly increased in the sow RBC in the peripartal period with increasing 
amounts of fish oil in the diet (0, 2, or 4%). Also Rooke et al. (2001c) investigated the dose-
response of fish oil in the sow diet. In this study, sow diets were supplemented with 
increasing concentrations of salmon oil (0, 0.5, 1 or 2%) from day 60 of gestation. The EPA 
concentration in the sow colostrum increased when 1 or 2% salmon oil was fed to the sows, 
but not when 0.5% salmon oil was fed, in accordance to our study. However, the DHA 
concentration in the sow colostrum linearly increased with increasing percentage of salmon 
oil in the diet, which is in contrast to our study, where the colostrum of sows fed the 0.5% FO 
diet contained more DHA than the colostrum of the sows fed the 2% FO diet. Also the EPA 
and DHA concentration in the piglet liver showed a linear response in the study of Rooke et 
al. (2001c). This is in accordance with our study for the EPA concentration, but in contrast 
with our study for the DHA concentration, as no difference in DHA concentration in 5-day 
old piglet liver was observed between piglets from sows fed the 0.5% FO or 2% FO diet. Also 
Fritsche et al. (1993b) conducted a dose-response study, but the amounts of fish oil added 
were much higher (0, 3.5 or 7%, from day 107 of gestation) than in our study. The EPA 
concentration in the piglet serum at 21 days of age was higher for the piglets from the sows 
fed 7% vs. 3.5% fish oil. This is in accordance with the piglet liver at weaning in our study, 
where the 2% FO diet resulted in higher EPA concentrations than the 0.5% FO diet, but in 
contrast with the piglet RBC. 
 
At parturition, the EPA concentration in the sow RBC decreased compared to day 93 of 
gestation for sows fed the 0.5% LO, 0.5% FO and 2% FO diet. Also the DHA concentration 
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in the sow RBC decreased at parturition compared to day 93 of gestation when 2% FO or 
0.5% LO was fed to the sows. This decrease in EPA and DHA may indicate a transfer of these 
fatty acids from sow to piglet during late gestation. Also in pregnant women, the DHA 
concentration decreased from the first to the third trimester of pregnancy, although values 
remained stable at delivery (Herrera et al., 2004). 
 
The second objective of this study was to investigate the effect of different concentrations of 
linseed oil and fish oil in the maternal diet on the ARA concentration in the sow and piglet, 
when controlling the level of LA in the diet. This LA level was kept high in order to prevent a 
decrease in ARA concentration, as a decrease in ARA could negatively influence growth 
(Carlson et al., 1993a). Despite the constant LA concentration in the sow diet, a decrease in 
ARA concentration was observed in the sow RBC at parturition when n-3 PUFA (both the LO 
and FO diets, at both concentrations) were fed to the sows.  A similar observation was seen in 
the RBC of the 5-day old piglets, whereas at weaning, it was mainly the 2% FO diet that 
caused the greatest decrease in ARA. These results are in accordance with the study of 
Arbuckle and Innis (1993), where the ARA concentration in the liver and RBC of 15-day old 
piglets was lower in piglets from sows fed a fish oil diet compared with a soybean oil diet. 
The decrease in ARA concentration in the piglet liver was approximately 20% for the 5-day 
old piglets born from sows fed the 2% LO or 2% FO diets compared to the PO diet. This 
decrease was smaller than in the study of Rooke et al. (2001b), where the decrease in ARA 
concentration in the piglet liver was 30% for piglets born from sows fed a diet with 1.65% 
salmon oil compared to a control diet. Probably, the smaller decrease in our study was due to 
the constant supply of LA in all diets and its conversion to ARA. Furthermore, in our study, 
no differences were observed between dietary treatments in piglet birth weight, as will be 
discussed in Chapter 3C, whereas a decrease in piglet birth weight was observed in the study 
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of Rooke et al. (2001b) when 1.65% salmon oil was included in the sow diet. Hence, although 
the constant and high supply of LA could not prevent a decrease in ARA concentration 
following n-3 PUFA supplementation, it did seem sufficient to prevent a decrease in birth 
weight.  
 
The third objective of this study was to investigate if n-3 PUFA can be added to the maternal 
diet, without increasing oxidative stress in the mother and progeny. Independent of the diet, 
there was a decrease in α-tocopherol levels and GSH-Px activity in the sow plasma at 
parturition compared to day 93 of gestation, indicating an increased susceptibility to oxidative 
stress. This is in accordance with the study of Berchieri-Ronchi et al. (2011), where lower 
concentrations of α-tocopherol were observed in the sow plasma at day 110 of gestation 
compared with day 30. Also Håkansson et al. (2001) observed a large decrease in α-
tocopherol concentration and GSH-Px activity in sow plasma at the day of farrowing. 
However, α-tocopherol concentrations in the plasma of pregnant women increased from the 
first to the third trimester of gestation and at delivery (Herrera et al., 2004). 
Feeding the 2% FO diet to the sows increased the FRAP values, MDA concentrations and 
GSH-Px activities in the sow plasma. Also Cools et al. (2011) observed a linear increase in 
MDA and FRAP levels in the sow plasma with increasing percentages of fish oil in the diet (0 
to 4%). The higher MDA concentration in the sow plasma indicates that feeding the 2% FO 
diet induced oxidative stress for the sows. However, this is in contrast with the higher levels 
of FRAP and GSH-Px, which indicate a higher anti-oxidative capacity of the plasma and thus 
better protection against oxidative damage. It thus appears that the sow has activated its 
antioxidant defence mechanism as a reaction to the increased oxidative stress when 2% FO 
was fed, which was also suggested by Cools et al. (2011). Similarly, higher concentrations of 
lipid hydroperoxides were measured in women during the third trimester compared to the 
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second trimester of pregnancy, whereas the total antioxidative capacity also increased (Toescu 
et al., 2002), resulting in an elevated but balanced oxidative stress status in pregnant women.  
In accordance with the results of the sows, the GSH-Px activity in the 5-day old piglet liver 
was also higher when the 2% FO diet was fed to the sows. However, the MDA concentration 
was lower in the plasma of the piglets from sows fed the 2% FO diet. Furthermore, a positive 
correlation was observed between sow and piglet plasma or liver for the GSH-Px activity and 
a negative correlation for the MDA concentration. In addition, the level of α-tocopherol in the 
sow plasma was the lowest for the sows fed the 0.5% LO and 0.5% FO diet, which is in 
accordance with the lower α-tocopherol levels measured in these diets. However, the α-
tocopherol concentration was not lower in the plasma and liver of the piglets born from sows 
fed the 0.5% LO or 0.5% FO diet. Hence, these results may indicate that the placenta has a 
regulating and protective role against foetal oxidative stress.  
 
In conclusion, it can be stated that feeding 0.5% LO to the sows resulted in comparable EPA 
concentrations in the 5-day old piglet liver than feeding 0.5% FO, but lower EPA 
concentrations were observed at weaning. Feeding 2% LO to the sows resulted in higher EPA 
concentrations in the piglet liver than feeding 0.5% FO, at both ages, but the highest EPA 
concentration was obtained when 2% FO was fed. The DHA concentration in the piglet 
tissues could only be increased when fish oil, but not linseed oil, was fed to the sows, and 
furthermore, the 2% FO diet had no advantage over the 0.5% FO diet to increase the DHA 
concentration in the piglet. Although the LA concentration in the sow diet was kept constant 
at a level above the dietary requirements, a decrease in ARA concentration in the sow and 
piglets could not be avoided when linseed oil or fish oil were included in the diet. However, 
this decrease did not seem to affect the piglet birth weight. Furthermore, feeding 2% FO to the 
sows increased the MDA concentration in the sow plasma at parturition, but this was not 
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observed in the piglets, suggesting a protective role of the placenta against foetal oxidative 
stress.  
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CHAPTER 1C 
EFFECTS OF ECHIUM OIL AND LINSEED OIL AS ALTERNATIVES 
FOR FISH OIL IN THE MATERNAL DIET ON BLOOD FATTY ACID 
PROFILES AND OXIDATIVE STATUS OF SOWS AND PIGLETS  
 
ABSTRACT 
 
Echium oil (source of stearidonic acid) and linseed oil (source of α-linolenic acid) were 
evaluated as alternatives for fish oil in the diet of sows to increase the docosahexaenoic acid 
(DHA) status of the offspring. The hypothesis was that echium oil would be more efficient 
than linseed oil to increase the DHA concentration, as it bypasses the enzyme 6-desaturase. 
In addition, it was checked whether adding polyunsaturated fatty acids (PUFA) to the diet 
affected the plasma oxidative status. Sows were fed either a palm oil diet, or a diet containing 
1% linseed oil, echium oil or fish oil from day 73 of gestation and during lactation (n = 16 per 
dietary treatment). Total oil concentrations in the diets were similar between dietary 
treatments. Blood samples were taken for fatty acid analysis and oxidative status parameters, 
from sows on day 73 and 93 of gestation and at parturition, and from the lightest and heaviest 
piglet per litter at birth and weaning. Colostrum was also sampled. No effect of diet was 
observed on total number of piglets born (13.7 ± 0.4), number of weaned piglets (10.8 ± 0.4) 
and gestation length (114.8 ± 0.2 days). Piglets from sows fed fish oil had lower birth weights 
(1.41 ± 0.03 kg) than piglets from the linseed oil diet (1.54 ± 0.03 kg, P = 0.006), with 
intermediate and not significantly different values for the palm oil (1.45 ± 0.03 kg) and 
echium oil diet (1.49 ± 0.03 kg). Daily weight gain until weaning was lower for piglets from 
sows fed the fish oil diet (214 ± 5 g) compared to piglets from sows fed the echium oil (240 ± 
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5 g; P < 0.001) or linseed oil diet (234 ± 5 g; P = 0.02). Compared to the palm oil diet, 
echium and linseed oil in the maternal diet increased the DHA concentration in the colostrum 
and the sow and piglet plasma to the same extent (1.1 to 1.4-fold; P < 0.001). On the fish oil 
diet, a 20.7-fold, 10-fold and 2.4-fold increase in DHA in colostrum, sow and piglet plasma, 
respectively were observed (P < 0.001). At 1% in the maternal diet, echium oil had thus no 
benefit over linseed oil and resulted in a 2-fold lower DHA concentration in the plasma of 
piglets compared to fish oil. Including n-3 PUFA in the maternal diet did not affect oxidative 
status of the mother or the offspring. 
 
INTRODUCTION 
 
Polyunsaturated fatty acids (PUFA) are essential for the development of the foetus (Innis, 
1991). Especially docosahexaenoic acid (C22:6n-3, DHA) is important as structural 
component of membrane phospholipids and present in high concentrations in the brain 
(Stillwell and Wassall, 2003). Hence, including DHA in the gestation diet can be beneficial 
for reproductive outcome. The mother can obtain DHA directly from the diet by e.g. adding 
fish oil, or it may result from conversion of precursor fatty acids. As fish oil is becoming a 
scarce resource (Delgado et al., 2003), research for sustainable alternatives is needed. 
Including linseed oil (source of the precursor fatty acid α-linolenic acid (C18:3n-3, ALA)) in 
the maternal diet has already been studied in pigs (e.g. Bazinet et al., 2003a). Although some 
results indicate an increase in the offspring DHA concentration, the conversion from ALA to 
eicosapentaenoic acid (C20:5n-3, EPA) and DHA is rather low. The same has been concluded 
in humans (Brenna, 2002), and is mostly explained by the rate-limiting enzyme Δ6-desaturase 
(Cho et al., 1999), although the latter has never been properly validated. 
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This study evaluated another source of precursor fatty acids, namely echium oil (from the 
plant Echium plantagineum L.), which is a source of ALA, stearidonic acid (C18:4n-3,
 SDA) and C18:3n-6. Stearidonic acid is the first desaturation product in the conversion of 
ALA to long chain (LC) derivatives and thereby it bypasses the enzyme Δ6-desaturase 
(Sprecher, 2000; Figure 1.2). Hence, the first goal of this study was to investigate if echium 
oil in the maternal diet would be more efficient than linseed oil to increase the DHA 
concentration in the newborn. 
Furthermore, as a result of their double bonds, PUFA are prone to oxidation and including 
PUFA in the diet may induce oxidative stress (L‟Abbé et al., 1991). Hence, the second goal of 
this study was to investigate if PUFA can be added to the maternal diet without affecting 
oxidative status of mother and progeny. 
 
MATERIALS AND METHODS 
 
Animals and diets  
The trial was conducted from April until September 2010 at the Institute for Agricultural and 
Fisheries Research in Melle, Belgium. The institutional and national guidelines for the care 
and use of animals were followed. All experimental procedures involving animals were 
approved by the Ethical Committee of the Institute for Agricultural and Fisheries Research 
(approval number EC 2010/129). 
Sixty-five sows (Rattlerow-Seghers hybrids; parity 1-12) were inseminated with Piétrain pig 
semen and were fed a standard commercial gestation diet until day 73 of gestation. The trial 
consisted of four consecutive groups of sows that were followed, corresponding to the 3-week 
batch insemination system of the farm (with 13, 16, 17 and 19 sows in groups 1 to 4, 
respectively). Within each group, the sows were allocated to one of the experimental diets 
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(Figure 1.9), so that for the different diets, the sows were balanced for parity and body weight. 
There were four diets in the trial: a palm oil diet and a diet including 1% linseed oil, echium 
oil (Incromega V3, Croda Europe Ltd, Leek, Staffordshire, UK) or fish oil (INVE België NV, 
Baasrode, Belgium) (by replacing palm oil). By including equal levels of echium oil and 
linseed oil in the maternal diet, comparable concentrations of total n-3 precursor fatty acids 
(ALA + SDA) were present in both diets, but with the linseed oil diet only containing ALA 
and the echium oil diet containing both ALA and SDA. All diets were formulated to contain a 
similar amount of linoleic acid (C18:2n-6, LA; 14 g/kg) by adjusting the level of soy oil in the 
diet and total oil concentrations in the diets were similar between dietary treatments. All diets 
were supplemented with vitamin E (DL-α-tocopherol acetate; 75 mg/kg). The total number of 
sows per diet was 16, except 17 for the fish oil diet. The sows were fed the experimental diets 
from day 73 of gestation and during lactation. During gestation, 2.6 kg/day of the gestation 
diet was fed. Gestating sows were penned individually (1.80 × 0.60 m; partly slatted concrete 
floor) in a naturally ventilated house. One week before the expected farrowing date, the sows 
were transferred to the farrowing pens (1.90 × 1.70 m; PVC slatted floor; farrowing crates: 
1.75 × 0.60 m; metal slatted floor). Temperature was controlled at 20°C. Heat lamps and floor 
heating (0.60 × 0.45 m) was provided for the piglets. The sows were fed 3 kg/day of the 
lactation diet until farrowing. After farrowing, they received 0.25 kg feed extra per piglet 
born. Lactation diets were fed until weaning at four weeks. Piglets were not offered creep feed 
during lactation. All sow diets were fed in two equal daily portions. The ingredients, oil 
inclusion, nutrient composition and fatty acid profile of the gestation and lactation diets are 
given in appendix (Table A.4 and Table A.5). Both gestation and lactation diets were 
prepared in two batches. Because of a manufacturing fault, the sows of group 4 from the 
linseed oil diet were fed a gestation diet containing 2% linseed oil instead of 1%. The data of 
these sows was not omitted from the dataset, as will be argued later in this chapter.  
  
 
 
 
 
Figure 1.9. Experimental design of the trial, indicating time of feeding, sampling, number of animals sampled and diet allocation. 
*
 Number of 
animals sampled per dietary treatment (distribution over groups 1 to 4, respectively); 
†
 Samples were taken from the lightest and heaviest male 
piglet per litter at birth; 
‡
 Samples were taken from the lightest and heaviest piglet per litter at weaning. 
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Experimental procedures  
Three blood samples (15 mL) were taken from each sow by jugular venepuncture (Venosafe 
tubes with K2EDTA, Terumo Europe, Leuven, Belgium): at the beginning of the experiment 
before starting the dietary treatments (day 73 of gestation), at day 93 of gestation and around 
farrowing (Figure 1.9). Feed was not withdrawn from sows before blood collection. 
Farrowing was not induced and during farrowing, a sample of colostrum was obtained by 
hand and stored at -20°C  until analysis. Piglets were not separated from sows before and 
during colostrum collection. As it was not possible to attend all farrowings, 37 samples of 
colostrum were obtained (9, 7, 11 and 10 samples for palm, linseed, echium and fish oil 
dietary treatment, respectively).  
Within 24 h after birth, the weight and gender of each piglet was recorded and two male 
piglets per litter were selected, i.e. the lightest and heaviest piglet. These selected piglets were 
killed by inhalation of Isoflurane (Isoba, Schering-Plough Animal Health, Middlesex, UK), 
immediately followed by bleeding. Blood samples were collected into tubes containing 
EDTA. Also at weaning, piglet weight was recorded and 2 piglets per litter were selected, i.e. 
the lightest and heaviest piglet at the time of weaning. Blood samples (5 mL) were taken from 
these piglets by jugular venepuncture (Venosafe tubes with K2EDTA, Terumo Europe). Both 
newborn and weaned piglets were not separated from the sows before collection of samples. 
All blood samples were centrifuged at 1800 x g during 15 min at room temperature and stored 
at -20°C  until analysis. 
One sow of the first group on the fish oil diet aborted on day 100 of gestation. Therefore, no 
blood sample was taken from that sow at farrowing and consequently, no samples were taken 
from her offspring. Some values were missing as blood sampling failed with one sow of the 
first group at day 73 of gestation and one sow of the second group at day 93 of gestation (both 
on echium oil diet). As piglets needed to be sampled within 24 h after birth and as not all 
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farrowings could be attended, it was not possible to obtain samples from the piglets of each 
sow. In total, 96 piglets were sampled (18, 28, 24 and 26 piglets in groups 1 to 4, respectively 
or 22, 22, 26 and 26 piglets from sows fed palm, linseed, echium and fish oil, respectively; 
Figure 1.9). Two results for fatty acid composition of plasma and oxidative status parameters 
of the newborn piglets were omitted from the dataset (two piglets from the lowest weight 
class from sows fed linseed oil), as these deviated strongly (> 3 SD) from the other results. 
During late lactation, one sow of group 1 was removed from the experiment because of 
terminal illness and one sow of group 2 suddenly died. Consequently, no blood samples were 
taken from their piglets at weaning. Both sows were on the linseed oil diet, however there 
were no indications that their death or illness was related to the dietary treatment.  
 
Analytical procedures 
Feed samples were analysed for dry matter, ash (ISO 5984), crude protein (ISO 5983-2), and 
crude fat (ISO 6492). Fatty acid composition of feed, plasma and red blood cells (RBC) was 
analysed by direct transesterification, using 250 mg of feed and 200 µL of plasma or RBC. 
Toluene, containing nonadecanoic acid (C19:0) as internal standard, and methanolic NaOH 
(0.5 M NaOH in methanol) were added. The samples were put in a warm water bath of 70°C 
for 60 min and cooled down until room temperature. After HCl/MeOH (1:5; v:v) was added, 
the samples were put in an oven of 50°C for 30 min and cooled down until room temperature. 
Hexane and sodium hydrogen carbonate were added, samples were centrifuged for 5 min at 
800 x g at room temperature and the top layer was filtered over column (glass wool, silica gel 
and a small amount of activated carbon) and transferred to gas chromatography (GC) vials. 
The fatty acid methyl esters were analysed by gas-liquid chromatography (HP6890, Agilent, 
Brussels, Belgium) using a SolGel-Wax column (30m x 250µm x 0.25µm; SGE Analytical 
Science, Victoria, Australia). The GC conditions were: injector: 250°C; detector: 280°C; H2 
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as carrier gas; temperature program: 150°C for 2 min, followed by an increase of 3°C/min to 
250°C, 250°C for 25 min. Peaks were identified by comparing the retention times with those 
of the corresponding standards (Sigma-Aldrich, Bornem, Belgium). The fatty acid 
composition of colostrum was analysed by GC, with milk fat extraction adapted from 
Chouinard et al. (1997), followed by methylation (Stefanov et al., 2010). 
The following parameters related to oxidative status were measured in the plasma of sows and 
piglets: ferric reducing ability of plasma (FRAP), α-tocopherol concentration, 
malondialdehyde concentration (MDA), and glutathione peroxidase activity (GSH-Px). These 
analyses were conducted following the same analytical procedures described in Chapter 1B. 
 
Statistical analysis 
The data were analysed by ANOVA using the Mixed Model procedure of SAS (SAS 
Enterprise Guide 4, version 4.3, SAS Institute Inc., Cary, NC, USA). For observations made 
on sows, sow was considered the experimental unit. For observations on piglets, piglet was 
the experimental unit.  
For the reproductive outcome variables and individual piglet weights, the model included the 
fixed effects of diet, group and diet × group interaction. For the piglet weight at weaning, the 
number and weight of piglets at birth was added to the model as a covariate. To analyse the 
fatty acid composition and oxidative status parameters in the blood of the sows, a preliminary 
analysis was done to check for differences in these parameters at the start of the experiment 
(day 73 of gestation). Therefore, the data of day 73 were analysed using a model with diet, 
group and diet × group as fixed effects. Significant diet effects were observed only for some 
minor fatty acids in the plasma and RBC of the sows at day 73. No diet effect was observed 
for the oxidative status parameters. Therefore, it was assumed that the sows entered the 
experiment at comparable baseline values for fatty acid profiles and oxidative status. 
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Consequently, the data were analysed using an ANOVA for repeated measurements, with sow 
within diet × group as the subject of the repeated effect of time (i.e. days of gestation) and 
with diet, group, time and all two-way interaction terms as fixed effects. The fatty acid 
composition of the colostrum was analysed with a model including diet, group and diet × 
group as fixed effects. For the fatty acid composition and oxidative status parameters in the 
blood of the newborn piglets, the model included the fixed effects of diet, group, weight 
group and all two-way interaction terms. For the weaned piglets, also gender was added to the 
model in a preliminary analysis. However, gender was not significant and consequently it was 
left out of the final model.  
Post-hoc comparison of least squares means was done using the Tukey method. Differences 
were considered significant at P < 0.05. Values in the text are presented as least squares 
means ± SE.  
Total n-6 and n-3 fatty acids were calculated as the sum of C18:2n-6 + C18:3n-6 + C20:3n-6 
+ C20:4n-6 + C22:4n-6 + C22:5n-6 and as the sum of C18:3n-3 + C18:4n-3 + C20:4n-3 + 
C20:5n-3 + C22:5n-3 + C22:6n-3, respectively. C20:2n-6 and C20:3n-3 are presented in the 
results, but were left out of these sums, as they belong to another pathway.  
 
RESULTS 
 
Because of a manufacturing fault, the sows of group 4 on the linseed oil diet were fed a 
gestation diet containing twice as much linseed oil as the other groups. However, analysis of 
the data showed that this had no effect on the number of piglets born, gestation length of the 
sow, piglet weights and oxidative status parameters of sows and piglets (data not shown). 
Furthermore, no effect was found on the concentration of ALA and its LC derivatives in the 
plasma and RBC of the sows and newborn piglets. Only the concentration of C20:3n-3 in sow 
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plasma was greater for group 4 than group 1 (0.14 ± 0.01 versus 0.10 ± 0.01 g/100 g fatty 
acids, respectively; P = 0.02). Hence, as the greater amount of linseed oil in the diet did not 
seem to affect the results, we decided not to omit these data.  
 
Production parameters  
Adding n-3 PUFA to the diet of the sow did not influence total number of piglets born (13.7 ± 
0.4; P = 0.68), number of stillborn piglets (1.3 ± 0.2; P = 0.75) and number of weaned piglets 
(10.8 ± 0.4; P = 0.36). Also gestation length did not differ between diets (114.8 ± 0.2 days; P 
= 0.36). Piglet birth weight did differ between diets. The offspring from sows fed fish oil had 
lower birth weights (1.41 ± 0.03 kg) than the piglets from the linseed oil treatment (1.54 ± 
0.03 kg, P = 0.006), with intermediate and not significantly different values for the palm oil 
(1.45 ± 0.03 kg) and echium oil treatment (1.49 ± 0.03 kg). Furthermore, the daily weight 
gain until weaning was lower for piglets from sows fed the fish oil diet (214 ± 5 g) compared 
to piglets from sows fed the echium oil (240 ± 5 g; P < 0.001) or linseed oil diet (234 ± 5 g; P 
= 0.017), but it was not different from piglets of the palm oil diet (226 ± 4 g). The weaning 
weight of the piglets of the fish oil treatment (7.64 ± 0.14 kg) was also lower than for the 
piglets of the echium oil treatment (8.30 ± 0.15 kg, P = 0.006), with intermediate and not 
significantly different values for the palm oil (7.89 ± 0.13 kg) and linseed oil treatment (8.00 
± 0.15 kg). However, when piglet birth weight and number of piglets born were added as a 
covariate to the model, no differences in weaning weight were found between the dietary 
treatments (P = 0.56). 
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Fatty acid transfer  
A significant group effect was observed for some fatty acids in plasma and RBC of sows and 
piglets, and in colostrum. As the effects were not consistent and appeared mostly in the minor 
fatty acids, they are not presented in the tables.  
In general, the fatty acid composition of the plasma and RBC of the sows was altered as could 
be expected from the diet (Table 1.3 and Table 1.4). However, some differences were found 
between plasma and RBC, with RBC being less subject to changes in the diet, e.g. no effect of 
diet on n-6 fatty acids in RBC was found. Also there were less significant time × diet 
interaction terms in RBC compared to plasma. 
Feeding linseed oil to the sows resulted in greater ALA concentrations in the plasma of the 
sows compared to the other diets, at day 93 and at parturition. Also C20:3n-3 was greater at 
day 93 for the sows on the linseed oil diet, compared to palm and fish oil fed sows. At 
parturition, LA was greater in sow plasma when linseed oil was fed to the sows compared to 
echium and fish oil, although the concentration of LA was kept constant in the different diets.  
In accordance to the diet, SDA and C18:3n-6 concentrations were greater in the plasma of the 
sows fed echium oil compared to the other diets, on day 93 and at parturition. Also ALA was 
greater in the plasma of the sows fed echium oil compared to palm oil or fish oil, but it was 
lower than when linseed oil was fed. However, none of these differences were found in RBC 
after the echium oil dietary treatment was fed. 
The EPA and DHA concentrations in the plasma of the sows did not differ when linseed oil or 
echium oil was fed and for both fatty acids, the concentrations were lower than on the fish oil 
diet. Plasma EPA was greater on the linseed and echium oil diet compared to the palm oil 
diet, but this was not found for DHA.  
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The fatty acid composition of colostrum reflected the fatty acid composition of the diet (Table 
1.5). Including linseed oil in the diet resulted in greater proportions of ALA and consequently 
C20:3n-3 in the colostrum, compared to the other diets. For echium oil, greater concentrations 
of SDA, C20:4n-3, C18:3n-6, C20:3n-6 and C20:4n-6 were observed compared to the other 
diets. Similar as in the plasma of the sows, EPA and DHA concentrations in the colostrum did 
not differ between linseed oil and echium oil fed sows and both fatty acids were lower than on 
the fish oil diet. For DHA, there was even no difference with the palm oil diet. 
  
 
Table 1.3. Fatty acid composition (g/100 g total fatty acids) of plasma of gestating sows fed diets containing palm oil, linseed oil, echium oil or fish oil from day 73 of 
gestation 
1
  
Fatty acid Day 73 Day 93 Parturition RMSE P 
 Palm oil Linseed oil Echium oil Fish oil Palm oil Linseed oil Echium oil Fish oil 
 
Diet Time 
Diet × 
Time 
SFA 26.5 28.2 
*
 27.2 27.2 27.2 
*
 27.9 
a
 25.8 
b †
 26.8 
ab
 27.5 
a
 1.2 0.011 <0.001 <0.001 
MUFA 18.3 21.0 
a *
 19.3 
ab
 18.4 
ab
 17.9 
b
 22.1 21.0 21.3 
†
 22.0 
†
 2.5 0.41 <0.001 0.004 
C18:2n-6 30.8 29.9 30.2 28.6 29.8 24.2 
ab †
 26.8 
a †
 23.9 
b †
 23.9 
b †
 2.3 0.005 <0.001 0.035 
C18:3n-6 0.233 0.304 
b
 0.201 
b
 1.22 
a *
 0.276 
b
 0.635 
b †
 0.573 
b †
 0.956 
a
 0.634 
b †
 0.250 <0.001 <0.001 <0.001 
C20:2n-6 0.350 0.351 0.323 0.294 0.279 
*
 0.402 
†
 0.356 0.341 0.393 
†
 0.061 0.10 <0.001 <0.001 
C20:3n-6 0.447 0.455 
b
 0.394 
b
 0.690 
a *
 0.419 
b
 0.348 
†
 0.340 0.445 
†
 0.410 0.148 0.048 <0.001 <0.001 
C20:4n-6 4.42 4.74 
ab
 3.78 
bc
 4.92 
a
 3.55 
c
 5.75 
a †
 4.11
 b
 4.97 
ab
 3.92 
b
 0.89 <0.001 0.006 <0.001 
C22:4n-6 0.245 0.350 
a *
 0.190 
b *
 0.208 
b
 0.112 
c *
 0.294 
a †
 0.140 
b †
 0.171 
b
 0.141 
b
 0.053 <0.001 <0.001 <0.001 
C22:5n-6 0.108 0.177 
ab
 0.289 
a *
 0.250 
ab *
 0.168 
b
 0.083 0.122 
†
 0.076 
†
 0.065 0.095 0.006 
w
 <0.001
x
 0.23 
n-6 PUFA 36.2 35.9 35.0 35.9 34.4 
*
 31.3 
ab †
 32.1 
a †
 30.5 
ab †
 29.1 
b †
 2.4 0.037 <0.001 <0.001 
C18:3n-3 3.62 1.28 
c *
 4.59 
a
 2.92 
b
 1.54 
c *
 1.15 
c
 3.38 
a †
 2.21 
b †
 1.21 
c
 0.67 <0.001 <0.001 <0.001 
C18:4n-3 0.233 0.248 
b
 0.229 
b
 0.680 
a *
 0.291 
b
 0.349 
b
 0.307 
b
 0.553 
a
 0.359 
b
 0.100 <0.001 <0.001 <0.001 
C20:3n-3 0.125 0.069 
b *
 0.152 
a
 0.121 
ab
 0.098 
b
 0.092 0.147 0.133 0.133 0.046 0.009 0.018 <0.001 
C20:4n-3 0.084 0.037 
b *
 0.087 
ab
 0.135
 a *
 0.136 
a *
 0.056 
b
 0.094 
ab
 0.102 
ab
 0.110 
a
 0.043 <0.001 0.037 <0.001 
C20:5n-3 0.880 0.312 
c *
 0.940 
b
 1.18 
b *
 3.27 
a *
 0.532 
c
 1.30 
b †
 1.31 
b
 2.23 
a †
 0.295 <0.001 <0.001 <0.001 
C22:5n-3 1.72 1.33
 c
 1.69 
b
 2.06 
a
 1.82 
ab
 1.63 
b
 1.85 
ab
 1.99 
a
 1.61 
b
 0.28 0.002 0.49 <0.001 
C22:6n-3 0.305 0.254 
b
 0.285 
b
 0.302 
b
 2.78 
a *
 0.279 
b
 0.316 
b
 0.301 
b
 2.31 
a †
 0.21 <0.001 <0.001 <0.001 
n-3 PUFA 6.85 3.45 
c *
 7.82 
b
 7.30 
b *
 9.83 
a *
 3.99 
c
 7.25 
ab
 6.46 
b †
 7.83 
a †
 0.75 <0.001 <0.001 <0.001 
n-6/n-3 PUFA 5.39 10.4 
a *
 4.51 
b *
 4.94 
b
 3.51 
c *
 7.90 
a †
 4.48 
b
 4.75 
b
 3.79 
c
 0.55 <0.001 <0.001 <0.001 
a,b,c 
Within the same time of blood sampling, mean values with unlike superscript letters were different between diets (P < 0.05).  
w 
When diet × time interaction is not significant, the main effect of diet is indicated with a letter: 
w
, mean values for palm oil are not different from fish oil, both mean values 
are lower than for linseed oil, and no mean values differ from echium oil. 
 
x 
When diet × time interaction is not significant, the main effect of time is indicated with a letter: 
x
, mean values at day 73 are not different from parturition, but both are lower 
than at day 93. 
*
 Significant difference between day 93 and day 73 of gestation within the same diet (P < 0.05).   
†
 Significant difference between parturition and day 93 of gestation within the same diet (P < 0.05). 
1
 Values are least squares means with root mean square error (RMSE), n = 16.   
 
  
 
Table 1.4. Fatty acid composition (g/100 g total fatty acids) of red blood cells of gestating sows fed diets containing palm oil, linseed oil, echium oil or fish oil from day 73 of 
gestation 
1
  
Fatty acid Day 73 Day 93 Parturition RMSE P 
 
Palm oil Linseed oil Echium oil Fish oil Palm oil Linseed oil Echium oil Fish oil 
 
Diet Time 
Diet × 
Time 
SFA 35.7 36.9 34.5 36.4 35.8 39.2 38.0 39.9 38.3 4.5 0.34 <0.001
v
 0.91 
MUFA 29.9 29.8 29.0 28.5 28.8 27.8 
†
 28.2 28.5 28.2 3.1 0.99 <0.001
w
 0.09 
C18:2n-6 16.2 15.6 17.2 16.2 16.2 11.8 
†
 13.4 
†
 12.3 
†
 12.9 3.9 0.35 <0.001
x
 0.92 
C18:3n-6 0.080 0.091 0.089 0.148 0.205 0.248 0.138 0.178 0.149 0.139 0.58 <0.001
y
 0.07 
C20:2n-6 0.332 0.333 0.334 0.304 0.331 0.269 0.297 0.281 0.307 0.086 0.48 0.003 
x
 0.21 
C20:3n-6 0.372 0.388 0.394 0.490 
*
 0.384 0.342 0.322 0.361 
†
 0.369 0.125 0.82 <0.001 0.008 
C20:4n-6 3.70 3.77 3.73 3.87 3.52 3.03 2.91 2.70 
†
 2.90 1.05 0.84 <0.001 
x
 0.58 
C22:4n-6 0.318 0.329 0.304 0.291 0.275 0.296 0.231 0.216 0.201 0.083 0.16 <0.001 
x
 0.08 
C22:5n-6 0.105 0.124 0.131 0.098 0.094 0.103 0.106 0.087 0.072 0.043 0.14 0.040 
z
 0.08 
n-6 PUFA 20.8 20.3 21.9 21.1 20.7 15.8 17.1 
†
 15.9 
†
 16.6 4.8 0.55 <0.001 
x
 0.96 
C18:3n-3 1.22 0.766 
b
 1.49 
a
 1.12 
ab
 0.852 
b
 0.589 
b
 1.16 
a
 0.889 
ab
 0.554 
b
 0.475 <0.001
u
 <0.001
w
 0.38 
C18:4n-3 0.178 0.183 0.198 0.217 0.169 0.361 
†
 0.281 0.253 0.238 0.112 0.16 <0.001 
v
 0.21 
C20:3n-3 0.103 0.085 
b
 0.126 
a
 0.105 
ab
 0.095 
ab
 0.085 
b
 0.155 
a
 0.117 
ab
 0.102 
b
 0.032 <0.001 0.046 0.005 
C20:4n-3 0.034 0.022 0.038 0.060 0.051 0.038 0.056 0.050 0.046 0.034 0.31 0.09 0.06 
C20:5n-3 0.375 0.216 
c
 0.423 
bc
 0.484 
b
 1.02 
a *
 0.226 
c
 0.539 
b
 0.459 
b
 0.892 
a
 0.185 <0.001 <0.001 <0.001 
C22:5n-3 1.64 1.62 1.87 1.88 1.81 1.28 1.51 1.41 1.43 0.53 0.50 <0.001 
x
 0.60 
C22:6n-3 0.444 0.391 
b
 0.403 
b
 0.442 
b
 1.34 
a *
 0.463 
b
 0.403 
b
 0.470 
b
 1.48 
a
 0.184 <0.001 <0.001 <0.001 
n-3 PUFA 3.88 3.22 
b
 4.43 
a
 4.20 
ab
 5.25 
a *
 2.96 
b
 3.94 
ab
 3.52 
ab
 4.64 
a
 0.95 <0.001 0.002 0.002 
n-6/n-3 PUFA 5.38 6.22 
a *
 4.98 
b
 4.91 
bc
 3.93 
c *
 5.05 
a †
 4.35 
ab
 4.30 
ab
 3.68 
b
 0.84 <0.001 <0.001 <0.001 
a,b,c 
Within the same time of blood sampling, mean values with unlike superscript letters were different between diets (P < 0.05).  
u 
When diet × time interaction is not significant, the main effect of diet is indicated with a letter: 
u
, mean values for palm oil are not different from fish oil, both mean values 
are lower than for linseed oil, and no mean values differ from echium oil. 
v,w,x,y,z  
When diet × time interaction is not significant, the main effect of time is indicated with a letter: 
v
, mean values at day 93 are not different from day 73, but both are 
lower than at parturition; 
w
, mean values at parturition are lower than at day 93, and both are lower than at day 73; 
x
, mean values at day 93 are not different from day 73, but 
both are greater than at parturition; 
y
, mean values at day 73 are lower than at parturition, but both are not different from day 93; 
z
, mean values at parturition are lower than at 
day 93, but both are not different from day 73. 
 *
 Significant difference between day 93 and day 73 of gestation within the same diet (P < 0.05).   
†
 Significant difference between parturition and day 93 of gestation within the same diet (P < 0.05). 
1
 Values are least squares means with root mean square error (RMSE), n = 16. 
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Table 1.5. Fatty acid composition (g/100 g total fatty acids) of colostrum of sows fed diets containing palm oil, 
linseed oil, echium oil or fish oil 
1
  
Fatty acid Diet RMSE P 
 Palm oil Linseed oil Echium oil Fish oil  Diet 
SFA 31.3 
a
 28.3 
b
 29.2 
ab
 29.6 
ab
 2.0 0.047 
MUFA 34.2 32.6 33.6 34.0 4.4 0.90 
C18:2n-6 25.7 24.7 23.7 24.4 2.8 0.52 
C18:3n-6 0.373 
b
 0.294 
b
 1.13 
a
 0.395 
b
 0.148 <0.001 
C20:2n-6 0.444 0.425 0.415 0.435 0.071 0.84 
C20:3n-6 0.262 
b
 0.214 
b
 0.451 
a
 0.273 
b
 0.063 <0.001 
C20:4n-6 0.924 
a
 0.673 
b
 0.875 
a
 0.604 
b
 0.085 <0.001 
C22:4n-6 0.074 0.077 0.088 0.090 0.010 0.13 
C22:5n-6 0.093 0.070 0.083 0.087 0.055 0.87 
n-6 PUFA 27.4 26.0 26.3 25.9 2.9 0.69 
C18:3n-3  2.58 
c
 8.07 
a
 4.82 
b
 2.84 
c
 0.92 <0.001 
C18:4n-3 0.045 
b
 0.070 
b
 0.746 
a
 0.179 
b
 0.151 <0.001 
C20:3n-3 0.178 
c
 0.406 
a
 0.264 
b
 0.228 
bc
 0.032 <0.001 
C20:4n-3 0.056 
c
 0.115 
c
 0.392 
a
 0.218 
b
 0.062 <0.001 
C20:5n-3 0.136 
c
 0.307 
b
 0.393 
b
 0.868 
a
 0.095 <0.001 
C22:5n-3 0.504 
c
 0.726 
b
 0.826 
ab
 0.996 
a
 0.130 <0.001 
C22:6n-3 0.071 
b
 0.086 
b
 0.081 
b
 1.47 
a
 0.134 <0.001 
n-3 PUFA 3.40 
c
 9.37 
a
 7.26 
b
 6.58 
b
 1.23 <0.001 
n-6/n-3 PUFA 8.12 
a
 2.92 
c
 3.68 
b
 3.96 
b
 0.49 <0.001 
a,b,c 
Within a row, means without a common superscript differ (P < 0.05). 
1
 Values are least squares means with root mean square error (RMSE), n = 7-11. 
 
Diet effects were seen on all n-6 and n-3 PUFA in the plasma of the newborn piglets and were 
in accordance to the diet of the sows (Table 1.6). Linseed oil in the diet of the sows resulted in 
greater ALA and C20:3n-3 concentrations in piglet plasma compared to the other diets. Also 
the LA concentration was greater when linseed oil was fed compared to the echium oil 
treatment. Echium oil resulted in greater SDA, C20:4n-3 and C18:3n-6 concentrations in the 
plasma of the newborn piglets compared to the other diets. The EPA and DHA concentrations 
in the piglet plasma did not differ between the linseed and echium oil treatment. Both linseed 
and echium oil treatments resulted in greater plasma EPA concentrations compared to palm 
oil, whereas for DHA, echium oil, but not linseed oil, differed from the palm oil treatment. 
Both diets resulted in lower EPA and DHA concentrations in the plasma of the newborn 
piglets than in piglets on the fish oil diet.  
There was also an effect of diet on the total concentration of fatty acids in the plasma of the 
newborn piglets on a mg/100 mL basis. Piglets from sows fed the linseed oil diet had a greater 
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total amount of fatty acids in their plasma (179 ± 16 mg/100 mL plasma) than piglets from 
sows fed the palm oil (109 ± 14 mg/100 mL plasma; P = 0.009) or echium oil diet (112 ± 13 
mg/100 mL plasma; P = 0.009), with an intermediate and not significantly different value for 
the fish oil diet (148 ± 16 mg/100 mL plasma). This logically also resulted in a greater 
concentration (mg/100 mL) of total saturated fatty acids (SFA), monounsaturated fatty acids 
(MUFA), n-6 and n-3 PUFA in the plasma of the piglets of the linseed oil treatment compared 
to the palm oil and echium oil treatment. However, this did not affect the interpretation of the 
results regarding the conversion of ALA to its LC derivatives, as mentioned above. The only 
difference with the relative expression (g/100 g fatty acids) was that linseed oil in the sow diet 
also resulted in a greater DHA concentration compared to the palm oil diet (2.51 ± 0.24 
versus 1.44 ± 0.22 mg/100 mL, respectively). As plasma fatty acid profiles are generally 
reported on a relative basis in the literature, we also used this expression to allow proper 
comparison.  
The fatty acid composition of the RBC of the newborn piglets (Table 1.7) showed in general 
the same diet effects as plasma, except for the piglets of the sows fed echium oil: in contrary 
to what could be expected from the diet, no effect of echium oil on SDA, ALA and C18:3n-6 
was observed in the RBC of the piglets. Also in the RBC, there was an effect of diet on the 
total amount of fatty acids. Piglets from sows fed the linseed oil diet had a greater total 
amount of fatty acids in their RBC (213 ± 7 mg/100 mL RBC) than piglets from sows fed the 
palm oil (177 ± 7 mg/100 mL RBC; P = 0.004) or echium oil diet (175 ± 7 mg/100 mL RBC; 
P = 0.002), with an intermediate and not significantly different value for the fish oil diet (195 
± 8 mg/100 mL RBC). This had the same implications for the total amount of SFA, MUFA, 
n-6 and n-3 PUFA in the RBC of the piglets as in the plasma, but again with little effect on 
the interpretation of the results regarding the conversion of ALA to its LC derivatives. The 
only differences with the relative expression (g/100 g fatty acids) were that EPA and C22:5n-
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3 concentrations were greater with linseed oil in the sow diet compared to the echium oil diet 
and not different from the fish oil diet.  
Table 1.6. Fatty acid composition (g/100 g total fatty acids) of plasma from newborn piglets born to sows fed 
diets containing palm oil, linseed oil, echium oil or fish oil from day 73 of gestation and during lactation 
1
  
Fatty acid Diet RMSE P 
 Palm oil Linseed oil Echium oil Fish oil Diet 
SFA 28.7 29.1 27.8 28.6 1.9 0.15 
MUFA 26.5 27.0 25.7 26.5 3.2 0.57 
C18:2n-6 14.5 
ab
 16.3 
a
 12.5 
b
 14.0 
ab
 4.1 0.032 
C18:3n-6 0.662 
b
 0.547 
b
 1.09 
a
 0.669 
b
 0.270 <0.001 
C20:2n-6 0.607 
a
 0.512 
b
 0.481 
b
 0.493 
b
 0.084 <0.001 
C20:3n-6 0.449 
b
 0.441 
b
 0.582 
a
 0.504 
ab
 0.118 <0.001 
C20:4n-6 5.76 
a
 4.45 
bc
 5.05 
ab
 4.06 
c
 1.01 <0.001 
C22:4n-6 0.357 
a
 0.250 
bc
 0.293 
ab
 0.198 
c
 0.084 <0.001 
C22:5n-6 0.341 
a
 0.218 
b
 0.237 
b
 0.171 
b
 0.126 <0.001 
n-6 PUFA 22.0 22.2 19.8 19.6 3.8 0.043 
C18:3n-3 0.955 
c
 2.66 
a
 1.53 
b
 0.999 
c
 0.545 <0.001 
C18:4n-3 0.404 
b
 0.320 
b
 0.625 
a
 0.404 
b
 0.164 <0.001 
C20:3n-3 0.127 
b
 0.232 
a
 0.156 
b
 0.119 
b
 0.055 <0.001 
C20:4n-3 0.065 
c
 0.102 
bc
 0.189 
a
 0.108 
b
 0.045 <0.001 
C20:5n-3 0.292 
c
 0.802 
b
 0.817 
b
 1.55 
a
 0.276 <0.001 
C22:5n-3 0.705 
b
 0.969 
a
 0.988 
a
 0.981 
a
 0.173 <0.001 
C22:6n-3 1.22 
c
 1.48 
bc
 1.73 
b
 2.91 
a
 0.45 <0.001 
n-3 PUFA 3.64 
c
 6.33 
ab
 5.87 
b
 6.96 
a
 0.79 <0.001 
n-6/n-3 PUFA 6.10 
a
 3.54 
b
 3.37 
bc
 2.87 
c
 0.63 <0.001 
a,b,c 
Within a row, means for diet without a common superscript differ (P < 0.05). 
1
 Values are least squares means with root mean square error (RMSE), n = 22-26. 
 
Table 1.7. Fatty acid composition (g/100 g total fatty acids) of red blood cells from newborn piglets born to 
sows fed diets containing palm oil, linseed oil, echium oil or fish oil from day 73 of gestation and during 
lactation 
1
  
Fatty acid Diet RMSE P 
 Palm oil Linseed oil Echium oil Fish oil Diet 
SFA 31.8 31.2 32.5 32.4 2.4 0.25 
MUFA 38.0 
a
 36.1 
b
 37.1 
ab
 37.6 
ab
 2.0 0.015 
C18:2n-6 5.89 
b
 9.71 
a
 5.90 
b
 6.51 
b
 2.01 <0.001 
C18:3n-6 0.411 0.321 0.326 0.335 0.122 0.06 
C20:2n-6 0.409 0.356 0.376 0.391 0.084 0.20 
C20:3n-6 0.591 
b
 0.613 
ab
 0.659 
ab
 0.689 
a
 0.114 0.036 
C20:4n-6 6.03 5.08 5.74 4.95 1.32 0.027 
C22:4n-6 0.695 
a
 0.480 
b
 0.505 
b
 0.356 
c
 0.141 <0.001 
C22:5n-6 0.448 
a
 0.321 
b
 0.320 
b
 0.239 
b
 0.138 <0.001 
n-6 PUFA 14.1 
b
 16.5 
a
 13.4 
b
 13.1 
b
 2.9 0.001 
C18:3n-3 0.278 
b
 1.04 
a
 0.384 
b
 0.345 
b
 0.197 <0.001 
C18:4n-3 0.156 0.187 0.173 0.194 0.071 0.35 
C20:3n-3 0.074 
ab
 0.091 
a
 0.066 
b
 0.054 
b
 0.032 0.004 
C20:4n-3 0.029 
b
 0.051 
a
 0.044 
ab
 0.042 
ab
 0.032 0.024 
C20:5n-3 0.150 
c
 0.479 
b
 0.370 
b
 0.652 
a
 0.152 <0.001 
C22:5n-3 0.621 
b
 0.985 
a
 0.877 
a
 0.955 
a
 0.221 <0.001 
C22:6n-3 2.03 
c
 2.55 
ab
 2.46 
b
 2.94 
a
 0.54 <0.001 
n-3 PUFA 3.26 
c
 5.29 
a
 4.31 
b
 5.13 
a
 0.82 <0.001 
n-6/n-3 PUFA 4.29 
a
 3.13 
b
 3.19 
b
 2.57 
c
 0.40 <0.001 
a,b,c 
Within a row, means for diet without a common superscript differ (P < 0.05). 
1
 Values are least squares means with root mean square error (RMSE), n = 22-26. 
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Adding linseed oil to the diet of the sow resulted in greater concentrations of ALA, SDA and 
C20:3n-3 in the plasma of the weaned piglets compared to the other diets (Table 1.8). Weaned 
piglets of the echium oil treatment had greater levels of C18:3n-6 and C20:3n-6 in their 
plasma than piglets from the other dietary treatments, and a greater concentration of C20:4n-6 
than the piglets of the fish oil or linseed oil diet. The ALA concentration was greater in the 
plasma of the weaned piglets from sows fed the echium oil diet, although this increase was 
lower than the increase after the linseed oil dietary treatment. Also SDA was greater for the 
echium oil treatment compared to palm oil, but it was lower than when linseed oil was fed. 
Levels of EPA and DHA in the plasma of the weaned piglets were greater for both linseed 
and echium oil treatments compared to palm oil, but the concentrations were lower than for 
the fish oil treatment. 
Table 1.8. Fatty acid composition (g/100 g total fatty acids) of plasma from piglets at weaning born to sows fed 
diets containing palm oil, linseed oil, echium oil or fish oil from day 73 of gestation and during lactation 
1
  
Fatty acid Diet RMSE P 
 Palm oil Linseed oil Echium oil Fish oil Diet 
SFA 30.8 29.2 30.5 29.5 2.6 0.08 
MUFA 24.7 
a
 23.1 
ab
 22.1 
b
 21.5 
b
 2.9 <0.001 
C18:2n-6 22.8 22.3 21.6 22.3 2.2 0.20 
C18:3n-6 0.668 
b
 0.809 
b
 1.10 
a
 0.699 
b
 0.319 <0.001 
C20:2n-6 0.351 
a
 0.335 
ab
 0.300 
b
 0.289 
b
 0.064 <0.001 
C20:3n-6 0.345 
b
 0.303 
b
 0.504 
a
 0.336 
b
 0.110 <0.001 
C20:4n-6 7.13 
ab
 6.48 
bc
 7.53 
a
 5.53 
c
 1.41 <0.001 
C22:4n-6 0.415 
a
 0.248 
bc
 0.342 
ab
 0.151 
c
 0.224 <0.001 
C22:5n-6 0.131 
a
 0.083 
b
 0.061 
c
 0.063 
c
 0.026 <0.001 
n-6 PUFA 31.5 
a
 30.2 
ab
 31.2 
a
 29.1 
b
 2.6 0.002 
C18:3n-3 1.07 
c
 2.81 
a
 1.97 
b
 1.29 
c
 0.49 <0.001 
C18:4n-3 0.307 
c
 0.629 
a
 0.474 
b
 0.352 
bc
 0.192 <0.001 
C20:3n-3 0.080 
c
 0.151 
a
 0.115 
b
 0.097 
bc
 0.043 <0.001 
C20:4n-3 0.031 
c
 0.068 
b
 0.131 
a
 0.071 
b
 0.030 <0.001 
C20:5n-3 0.386 
c
 1.14 
b
 1.45 
b
 2.94 
a
 0.616 <0.001 
C22:5n-3 1.34 
c
 1.85 
ab
 2.05 
a
 1.58 
bc
 0.42 <0.001 
C22:6n-3 1.46 
c
 1.95 
b
 1.92 
b
 4.68 
a
 0.63 <0.001 
n-3 PUFA 4.59 
c
 8.45 
b
 7.99 
b
 10.9 
a
 1.80 <0.001 
n-6/n-3 PUFA 7.17 
a
 3.80 
b
 4.18 
b
 2.84 
c
 1.20 <0.001 
a,b,c 
Within a row, means for diet without a common superscript differ (P < 0.05). 
1
 Values are least squares means with root mean square error (RMSE), n = 28-32. 
 
 
In general, the RBC of the weaned piglets (Table 1.9) showed similar changes in fatty acid 
composition as plasma, after the different dietary treatments. Unlike plasma, no effect of diet 
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on SDA was found and for DHA, the linseed and echium oil treatment did no longer differ 
from the palm oil treatment. Newborn piglets had more DHA in their RBC than weaned 
piglets, except for the fish oil treatment, where the concentration of DHA was similar at both 
ages.  
Table 1.9. Fatty acid composition (g/100 g total fatty acids) of red blood cells from piglets at weaning born to 
sows fed diets containing palm oil, linseed oil, echium oil or fish oil from day 73 of gestation and during 
lactation 
1
  
Fatty acid Diet RMSE P 
 Palm oil Linseed oil Echium oil Fish oil Diet 
SFA 35.8 37.7 37.4 38.6 5.5 0.29 
MUFA 33.3 
a
 31.9 
ab
 31.1 
b
 31.2 
ab
 3.1 0.027 
C18:2n-6 11.3 11.2 11.5 10.4 3.8 0.70 
C18:3n-6 0.107 
b
 0.111 
b
 0.158 
a
 0.115 
b
 0.055 0.001 
C20:2n-6 0.294 0.269 0.251 0.241 0.078 0.053 
C20:3n-6 0.326 
b
 0.314 
b
 0.549 
a
 0.347 
b
 0.142 <0.001 
C20:4n-6 3.89 
a
 3.05 
ab
 3.89 
a
 2.72 
b
 1.32 <0.001 
C22:4n-6 0.431 
a
 0.235 
b
 0.280 
b
 0.141 
c
 0.114 <0.001 
C22:5n-6 0.156 
a
 0.097 
b
 0.078 
b
 0.069 
b
 0.069 <0.001 
n-6 PUFA 16.2 15.0 16.4 13.7 5.2 0.19 
C18:3n-3 0.347 
c
 0.892 
a
 0.675 
b
 0.364 
c
 0.265 <0.001 
C18:4n-3 0.200 0.226 0.247 0.248 0.100 0.21 
C20:3n-3 0.058 
c
 0.097 
a
 0.080 
ab
 0.072 
bc
 0.025 <0.001 
C20:4n-3 0.035 
b
 0.053 
ab
 0.072 
a
 0.051 
ab
 0.040 0.005 
C20:5n-3 0.153 
c
 0.342 
b
 0.435 
b
 0.816 
a
 0.247 <0.001 
C22:5n-3 1.27 
b
 1.43 
ab
 1.77 
a
 1.19 
b
 0.58 <0.001 
C22:6n-3 1.34 
b
 1.59 
b
 1.57 
b
 2.92 
a
 0.66 <0.001 
n-3 PUFA 3.34 
c
 4.52 
b
 4.77 
ab
 5.58 
a
 1.46 <0.001 
n-6/n-3 PUFA 4.71 
a
 3.18 
b
 3.40 
b
 2.53 
c
 0.69 <0.001 
a,b,c 
Within a row, means for diet without a common superscript differ (P < 0.05). 
1
 Values are least squares means with root mean square error (RMSE), n = 28-32. 
 
Oxidative status 
There was a decrease in FRAP in the plasma of the sows towards the end of gestation, but the 
effect of diet was not significant (Table 1.10). Also α-tocopherol levels and GSH-Px activity 
were lower at parturition than at day 93 of gestation. Feeding linseed oil to the sows resulted 
in greater α-tocopherol concentrations for the newborn piglets compared to echium oil (Table 
1.11). Diet effects at weaning were observed on FRAP and α-tocopherol concentration in 
piglets, with FRAP being greater for the echium oil treatment than for the palm and fish oil 
treatment, and α-tocopherol being greater for the palm oil treatment than for linseed oil and 
fish oil. GSH-Px values of newborn piglets were lower (P < 0.001) than values at weaning.
  
 
 Table 1.10.  Oxidative status parameters  in plasma of gestating sows fed diets containing palm oil, linseed oil, echium oil or fish oil from day 73 of gestation 
1
 
 
Oxidative status 
parameters  
Day 73 Day 93 Parturition RMSE P 
 
Palm oil Linseed oil Echium oil Fish oil Palm oil Linseed oil Echium oil Fish oil  Diet Time 
Diet × 
Time 
FRAP 
nmol Fe
2+
/mL plasma 
321 284 271 272 285 275 277 282 272 63 0.65 <0.001
y
 0.63 
α-tocopherol  
µg/mL plasma 
2.66 2.64 2.67 2.47 2.46 1.75 
*
 1.70 
*
 1.44 
*
 1.47 
*
 0.45 0.14 <0.001
x
 0.89 
MDA 
nmol/mL plasma 
6.96 6.48 6.09 6.42 8.06 6.14 5.31 6.96 6.06 2.21 0.004
w
 0.11 0.10 
GSH-Px 
nmol NADPH/(min·mL 
plasma)  
611 625 601 624 604 454
 *
 510 507 
*
 513 85 0.55 <0.001
x
 0.38 
FRAP, ferric reducing ability of plasma; MDA, malondialdehyde; GSH-Px, glutathione peroxidase 
w 
When diet × time interaction is not significant, the main effect of diet is indicated with a letter: 
w
, mean values for echium oil are not different from fish oil, both mean 
values are greater than for linseed oil, and no mean values differ from palm oil.  
x,y 
When diet × time interaction is not significant, the main effect of time is indicated with a letter: 
x
, mean values at day 93 are not different from day 73, but both are greater 
than at parturition; 
y
, mean values at day 93 are not different from parturition, but both are lower than at day 73.
 
*
 Significant difference between parturition and day 93 of gestation within the same diet (P < 0.05). 
1 
Values are least squares means with root mean square error (RMSE), n = 16. 
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Table 1.11. Oxidative status parameters in plasma of newborn and weaned piglets born from sows fed diets 
containing palm oil, linseed oil, echium oil or fish oil from day 73 of gestation and during lactation 
1
  
Oxidative status parameters Diet RMSE P 
 Palm oil Linseed oil Echium oil Fish oil Diet 
Newborn piglets       
FRAP 
nmol Fe
2+
/mL plasma 
321 328 348 355 74 0.43 
α-tocopherol 
µg/mL plasma 
1.83 
ab
 2.35 
a
 1.44 
b
 1.75 
ab
 0.96 0.03 
MDA 
nmol/mL plasma 
16.1 17.5 17.6 20.3 5.5 0.14 
GSH-Px 
nmol NADPH/(min·mL plasma) 
138 115 114 134 34 0.048 
Weaned piglets       
FRAP 
nmol Fe
2+
/mL plasma 
358 
b
 380 
ab
 469 
a
 345 
b
 161 0.016 
α-tocopherol 
µg/mL plasma 
3.73 
a
 2.67 
b
 3.22 
ab
 2.85 
b
 1.16 0.005 
MDA 
nmol/mL plasma 
9.00 10.4 10.1 9.65 2.4 0.15 
GSH-Px 
nmol NADPH/(min·mL plasma) 
336 339 313 344 63 0.22 
FRAP, ferric reducing ability of plasma; MDA, malondialdehyde; GSH-Px, glutathione peroxidase 
a,b 
Within a row, means for diet without a common superscript differ (P < 0.05). 
1
 Values are given as least squares means with root mean square error (RMSE), for the newborn piglets, n = 22-
26; for the weaned piglets, n = 28-32. 
 
Also α-tocopherol concentration was greater (P < 0.001) and MDA was lower (P < 0.001) at 
weaning compared to birth, independent of the inclusion of n-3 PUFA in the diet. 
 
DISCUSSION 
 
Effect on production parameters  
Adding different sources of n-3 PUFA to the diet of the gestating sow did not influence total 
number of piglets born and weaned or gestation length. However, it should be noted that the 
number of sows may not have been sufficient to observe effects on litter size. Fritsche et al. 
(1993b) and Rooke et al. (1998, 2001b) also reported no differences in litter size when fish oil 
was included in the maternal diet, but an increase in the gestation length of sows fed salmon 
oil was found (Rooke et al., 2001b). Fish oil in the diet of the sows decreased piglet birth and 
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weaning weights, which was also found in the study of Rooke et al. (2001b) and Cools et al. 
(2011) (for birth weight and weaning weight, respectively). These lower birth and weaning 
weights for the piglets of the fish oil dietary treatment could be related to the lower 
arachidonic acid (C20:4n-6) concentrations in the plasma of these piglets, as a decrease in 
C20:4n-6 has been suggested to negatively influence growth (Carlson et al., 1993a; Koletzko 
and Braun, 1991). In contrast to most other studies, this study aimed at maintaining C20:4n-6 
concentrations by providing equal amounts of the precursor fatty acid LA in all diets, as an 
increased n-3 PUFA supply is known to inhibit the formation of n-6 PUFA, because of the 
competition for Δ6-desaturase and preference of this enzyme for n-3 over n-6 fatty acids 
(Kurlak and Stephenson, 1999). However, this constant LA supply seemed not sufficient to 
maintain C20:4n-6 levels in case of the fish oil dietary treatment.  
 
Effect on fatty acid composition  
This study examined three sources of n-3 PUFA in the maternal diet of the sow, namely 
linseed oil, echium oil and fish oil. When fish oil, which is a direct source of EPA and DHA, 
was included in the maternal diet, an increase in EPA and DHA concentrations was observed 
in sow plasma, colostrum, and newborn and weaned piglet plasma, in accordance with other 
studies that examined the effect of fish oil in sow diets (Arbuckle and Innis, 1993; Fritsche et 
al., 1993b; Rooke et al., 1998 and 2000). This confirms that there is net placental transfer of 
EPA and DHA, which is likely dependent on the maternal circulating concentrations of these 
essential fatty acids, as will be discussed further.  
Including linseed oil, as a source of ALA, in the maternal diet increased the concentration of 
EPA and C22:5n-3 in the sow plasma, colostrum and piglet plasma, indicating a conversion of 
ALA to these LC derivatives and a transfer of these fatty acids from sow to piglet. Although 
the DHA concentration did not increase in sow plasma and colostrum when linseed oil was 
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fed to the sows, a small increase in DHA was observed in piglet blood. This indicates that 
ALA was either also further converted to DHA, but that DHA was directly transferred 
through the placenta to the piglet and not incorporated in the sow tissues or that the final step 
in the conversion from C22:5n-3 to DHA occurred in the piglet. Our results are in accordance 
to the studies of Bazinet et al. (2003a) and De Quelen et al. (2010), who observed an increase 
in EPA and DHA concentrations in piglet plasma when linseed oil was included in the 
maternal diet. Furthermore, the study of De Quelen et al. (2010) also showed an increase in 
EPA, but not in DHA concentration, in the plasma of the sows. In addition, part of the ALA 
was directly elongated to C20:3n-3 instead of being desaturated to SDA. This increase in 
C20:3n-3 following linseed oil supplementation was also observed in the study of Farmer and 
Petit (2009). The reason for this apparent lack of conversion to EPA and DHA is unclear, but 
it may indicate a saturated synthesis of DHA and a consequent negative feedback on ALA. 
This hypothesis is strengthened by the fact that the additional ALA that was fed to the sows of 
group 4, because of the diet manufacturing fault, did not result in greater concentrations of 
ALA in sow and piglet plasma. Instead a greater concentration of C20:3n-3 in the plasma of 
the sows of group 4 was observed, further indicating that part of the additional ALA was 
metabolised to C20:3n-3, rather than being desaturated to SDA and further converted to its 
LC derivatives. 
This study also examined the effect of echium oil in the maternal diet, as possible alternative 
for fish oil. It was hypothesised that feeding echium oil to the gestating sow would be more 
efficient than feeding linseed oil to increase the DHA concentration in the newborn, as it 
bypasses the enzyme 6-desaturase. To our knowledge, this is the first study that used echium 
oil in the diet of pigs. Furthermore, echium oil has never been included in the maternal diet of 
any species, and as such no information is available on the conversion and transfer of its fatty 
acids to the offspring. Compared to the palm oil diet, echium oil in the diet of the sow 
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increased EPA and C22:5n-3 concentrations in the sow plasma, colostrum and piglet plasma. 
Furthermore, the DHA concentration was increased in the plasma of the newborn and weaned 
piglets, but not in the plasma and colostrum of the sows. These observations are thus similar 
to the effects of the linseed oil diet. Moreover, the increases in EPA, C22:5n-3 and DHA 
concentrations were equal for the linseed oil and echium oil treatments, and hence no 
difference in efficiency to convert n-3 precursor fatty acids to n-3 LC PUFA was observed 
between both dietary treatments. Our results were in accordance to the study of Cleveland et 
al. (2012), where no benefit in overall DHA production was observed when echium oil was 
fed to  rainbow trout compared to linseed oil. Also Kitessa et al. (2012) found that echium oil 
was not superior to linseed oil in enriching lamb meat with n-3 LC PUFA. In contrast to our 
study, Cleland et al. (2005) showed that linseed oil was more effective in raising EPA levels 
in rat heart than echium oil, but similar to our study, no differences were found between both 
oils on C22:5n-3 and DHA levels. Both our study and the above mentioned studies included 
equal levels of echium oil and linseed oil in the diet, but the amount of SDA in echium oil is 
lower than the amount of ALA in linseed oil. Therefore, our results were in contrast with the 
studies that used equal levels of dietary SDA and ALA. Yamazaki et al. (1992) observed 
greater EPA concentrations in plasma and liver of rats fed diets containing SDA compared to 
ALA. Similarly, dietary SDA increased levels of EPA and C22:5n-3 in human plasma, 
whereas the ingestion of ALA did not have any effect on these fatty acids (James et al., 2003). 
In both studies, DHA concentrations were not affected, in contrast to the study of Bharadwaj 
et al. (2010), in which muscle, but not liver DHA concentrations were greater in fish (Hybrid 
Striped Bass) fed SDA compared to fish fed ALA.  
When evaluating linseed oil and echium oil as alternatives for fish oil, we observed that the 
EPA and DHA levels in the blood of the piglets increased when linseed oil or echium oil were 
fed, but that they were not as high as when fish oil was fed to the sows. This is in accordance 
Chapter 1C 
83 
 
with the study of Rooke et al. (2000), where EPA and DHA concentrations were increased in 
the piglet tissues when linseed oil was fed to the sows, but to a lesser extent than when fish oil 
was fed. Conversely, when mice were fed a control diet or a diet containing ALA, SDA or 
EPA (10 g/100 g fatty acids) for 3 weeks, plasma levels of DHA increased for all dietary n-3 
PUFA to the same extent (Ishihara et al., 2002) and similarly when dietary fish oil was 
replaced with echium oil in the feed of Atlantic salmon parr, this resulted in comparable 
amounts of n-3 LC PUFA in the muscle tissue (Miller et al., 2007).  
When DHA was not directly added to the sow diet, its concentration in the piglet RBC 
decreased at weaning compared to birth. This indicates that DHA is better transferred via the 
placenta, than via milk (Sampels et al., 2011) and furthermore, when DHA is not available 
from the diet, it is preferentially mobilised from the sow body reserves and transferred to the 
foetus during gestation. The decrease in piglet DHA concentration at weaning may also 
indicate that the sow body reserves were depleted from DHA, except when fish oil was fed. 
In general, RBC seem less subject to changes in fatty acid composition of the diet than 
plasma, which is in line with the results of Rooke et al. (1998). It is remarkable that this is 
especially the case when echium oil is added to the diet: no changes were found in SDA, ALA 
or C18:3n-6 content of RBC of sows and piglets when echium oil was included in the diet. 
This might indicate that SDA and C18:3n-6 are rapidly metabolised to longer-chain fatty 
acids, or β-oxidised, and that they do not accumulate in membrane lipids, as suggested by 
Voss and Sprecher (1988). 
 
Some peculiarities were seen when linseed oil was fed. First, linseed oil in the diet of the sow 
increased the concentration of LA in the blood of the sows and newborn piglets, although LA 
was kept constant in all diets. This increase was also found when growing pigs were fed diets 
high in ALA (Smink et al., 2012). This could be because of the competition of both fatty acids 
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for 6-desaturase and the preference of this enzyme for ALA (Kurlak and Stephenson, 1999) 
or because of a decreased oxidation of LA after high dietary levels of ALA (Bazinet et al., 
2003b; Smink et al., 2012). The LA levels in the RBC of the piglets were greater at weaning 
compared to birth, in accordance to Sampels et al. (2011), where this increase of LA in the 
piglet liver already occurred one day after birth. This indicates that LA is better transported 
via the milk than via the placenta. Moreover, its concentration in the RBC of the weaned 
piglets did no longer differ between diets, in accordance to the sow colostrum.  
Secondly, newborn piglets from sows fed the linseed oil diet had a greater total amount of 
fatty acids in their blood than piglets from sows fed the palm oil or echium oil diet. The 
reason for this is unclear. A possible explanation may be that the piglets from sows of the 
linseed oil diet were more vital at birth and hence had taken up more colostrum at the time of 
sampling. This would also explain the greater concentration of the fat soluble α-tocopherol in 
the blood of these piglets.  
Thirdly, feeding linseed oil to the sows did not increase the concentration of ALA or its LC 
derivatives in the sow plasma at day 93 of gestation compared to the start of the experiment 
(day 73). The ALA concentration in the plasma of the sows was also rather high at day 73. 
The reason for this is unclear, as ALA concentrations in the diet of the sows before day 73 
were at comparable levels with the palm oil diet and hence this greater ALA concentration 
must have another origin.  
 
Effect on oxidative status 
The second research question of this study was if n-3 PUFA can be included in the maternal 
diet, without affecting the oxidative status of mother and offspring. In general, there was a 
decrease in FRAP and GSH-Px levels towards the end of gestation, indicating an increased 
susceptibility to oxidative stress. The increased susceptibility to oxidative stress observed in 
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our study was independent of the diet, similar to “The Salmon in Pregnancy Study” where an 
increased consumption of salmon during pregnancy did not increase oxidative stress 
(measured by urinary 8-iso-prostaglandin F2α, 8-hydroxy-2‟-deoxyguanosine and plasma lipid 
peroxide concentrations) in pregnant women (García-Rodríguez et al., 2011). However, this is 
in contrast with Cools et al. (2011), who found a linear increase in MDA and FRAP in the 
plasma of sows with increasing percentages of fish oil in the diet. However, it should be noted 
that the amount of fish oil added to the maternal diet in that study was greater (ranging from 1 
to 4%) than in the current study, but on the other hand, also the dietary antioxidant supply was 
greater (218 mg/kg vs. 75 mg/kg feed, Cools et al. (2011) vs. current study, respectively). 
In line with the study of Berchieri-Ronchi et al. (2011), lower concentrations of α-tocopherol 
were observed in the sow plasma around parturition. This lower α-tocopherol concentration 
probably resulted from a mobilisation of α-tocopherol to the colostrum and milk of the sow, 
as α-tocopherol is mainly transferred via the mammary gland (Lauridsen et al., 2002; Pinelli-
Saavedra and Scaife, 2005). However, a temporary drop in feed intake around parturition 
could also result in lower α-tocopherol concentration in the maternal plasma. To what extent 
these lower α-tocopherol concentrations may compromise the oxidative status of the sow in 
the peripartum period is unclear. 
Also the offspring did not reveal signs of an altered oxidative status when n-3 PUFA were 
included in the maternal diet, in compliance with Sarkadi-Nagy et al. (2003). This indicates 
that n-3 PUFA oils can be added to the sow diet at a concentration of 1%, without 
compromising the oxidative status of mother and offspring at the current supply of dietary 
antioxidants. At this level of dietary PUFA, there seems to be no need for increasing the 
dietary content of vitamin E above 75 mg/kg. In accordance with Friendship and Wilson 
(1985), GSH-Px levels of newborn piglets were lower than GSH-Px levels at weaning. Also 
the MDA concentration was greater at birth compared to weaning, indicating greater 
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susceptibility to oxidative stress in newborn piglets compared to weaning, independent of the 
inclusion of n-3 PUFA in the maternal diet.  
 
In conclusion, this study showed that echium oil had no benefit over linseed oil to increase the 
DHA concentration in the piglet, when these oils were fed to the sows at a concentration of 10 
g/kg feed. However, the SDA content of echium oil is lower than the ALA content of linseed 
oil and echium oil contains lower levels of ALA than linseed oil. Hence, feeding a richer 
source of SDA than echium oil to gestating sows would be an interesting topic for further 
research. Furthermore, including n-3 PUFA in the maternal diet did not affect the plasma 
oxidative status of the mother or the offspring, at the concentrations of PUFA and 
antioxidants used in this study. 
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CHAPTER 1D 
EFFECTS OF BIRTH WEIGHT AND MATERNAL DIETARY FAT 
SOURCE ON THE FATTY ACID PROFILE OF PIGLET TISSUES 
 
ABSTRACT 
 
This study aimed to investigate the effects and possible interactions of birth weight and n-3 
polyunsaturated fatty acid (PUFA) supplementation of the maternal diet on the fatty acid 
status of different tissues of newborn piglets. These effects are of interest as both parameters 
have been associated with pre-weaning mortality. Sows were fed a palm oil diet, or a diet 
containing 1% linseed, echium or fish oil from day 73 of gestation. As fish oil becomes a 
scarce resource, linseed and echium oil were supplemented as sustainable alternatives, adding 
precursor fatty acids for docosahexaenoic acid (DHA) to the diet. At birth, the lightest and 
heaviest male piglet per litter were killed and samples from liver, brain and muscle were taken 
for fatty acid analysis. Piglets that died pre-weaning had lower birth weights than piglets 
surviving lactation (1.27 ± 0.04 kg vs. 1.55 ± 0.02 kg; P < 0.001), but no effect of diet on 
mortality was found. Lower DHA concentrations were observed in the brain of the lighter 
piglets compared to their heavier littermates (9.46 ± 0.05 vs. 9.63 ± 0.04 g DHA/ 100 g fatty 
acids; P = 0.008), suggesting that the higher incidence of pre-weaning mortality in low birth 
weight piglets may be related to their lower brain DHA status. Adding n-3 PUFA to the sow 
diet could not significantly reduce this difference in DHA status, although numerically the 
difference in the brain DHA concentration between the piglet weight groups was smaller 
when fish oil was included in the sow diet. Independent of birth weight, echium or linseed oil 
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in the sow diet increased the DHA concentration of the piglet tissues to the same extent, but 
the concentrations were not as high as when fish oil was fed. 
 
INTRODUCTION 
 
Pre-weaning mortality of piglets is a serious loss for the pig industry, as 10-20 % of the 
piglets die before weaning (Herpin et al., 2002; Rooke et al., 2001b). The main causes of 
death for live born piglets are crushing by the sow, followed by starvation, although in many 
death cases, starvation can be seen as the underlying cause of crushing. Furthermore, 
starvation is often secondary to or interactive with perinatal hypothermia (Edwards, 2002). 
Birth weight is the most important factor in successful recovery from postnatal hypothermia 
(Kammersgaard et al., 2011), as piglets with a low birth weight have a greater surface to body 
mass ratio, which results in greater heat loss (Herpin et al., 2002). Lighter piglets also have a 
smaller maximal heat production capacity than heavier littermates (Herpin et al., 2004). In 
addition, larger piglets are more competitive at the udder and therefore smaller piglets may 
consume less colostrum, which not only increases hypothermia and the risk of starvation, but 
also leads to a poor acquisition of passive immunity (Devillers et al., 2007; Le Dividich et al., 
2005; Quiniou et al., 2002). It has been stated that birth weight is the best predictor for the 
chance of pre-weaning mortality (van Rens et al., 2005) and piglets surviving the first 10 days 
of life were found significantly heavier at birth (Tuchscherer et al., 2000).  
Methods for reducing pre-weaning mortality may be improvements in the sows‟ environment 
(e.g. farrowing crates (Edwards, 2002)), genetic selection, or nutrition of the sow (Rooke et 
al., 2001b). Recently, special attention is given to the supplementation of the gestation feed 
with n-3 polyunsaturated fatty acids (PUFA) (Rooke et al., 2001b). It has been shown that 
salmon oil in the diet of gestating sows reduces pre-weaning mortality by a decrease in the 
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incidence of deaths from crushing by the sow (Rooke et al., 2001b). Also a reduction in the 
time needed to reach the udder and begin to suckle was observed for piglets derived from
 sows offered tuna oil (Rooke et al., 2001a). Both observations suggest improved neonatal 
vigour following n-3 PUFA supplementation. PUFA are essential for the growth and 
development of the foetus (Innis, 1991; Lauritzen et al., 2001; Uauy et al., 2000). Particularly 
the n-3 long chain (LC) PUFA docosahexaenoic acid (C22:6n-3, DHA) is important as 
structural component of the membrane phospholipids and present in high concentrations in 
the brain and retina (Stillwell and Wassall, 2003). As the effects of salmon oil 
supplementation on mortality were not mediated through increases in the energy stores 
available to the newborn piglet (Rooke et al., 2001b), it was suggested that changes in 
mortality were probably due to changes in the fatty acid composition of the biomembranes of 
the brain and the retina.  
 
Taken together the importance of birth weight and possible n-3 PUFA supplementation for 
pre-weaning mortality, the research questions of the current study were: (1) Do lighter piglets 
have a weaker n-3 PUFA status than heavier littermates, and are there differences between 
various organs, and (2) if the n-3 PUFA status of lighter piglets is indeed compromised, can 
supplementation with n-3 PUFA reduce the difference? 
 
To answer these two research questions, a study was designed in which gestating sows were 
fed diets containing either palm oil (mainly C16:0 and C18:1n-9) or a diet supplemented with 
n-3 PUFA. Since fish oil, as a direct source of eicosapentaenoic acid (C20:5n-3, EPA) and 
DHA, is becoming a scarce resource (Delgado et al., 2003), this study also investigated the 
use of two more sustainable alternatives: linseed oil, as a source of α-linolenic acid (C18:3n-3, 
ALA) and echium oil (from the plant Echium plantagineum L.), as a source of ALA, 
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stearidonic acid (C18:4n-3, SDA), and C18:3n-6. Both ALA and SDA are precursor fatty 
acids for EPA and DHA, but SDA is one step further in the n-3 pathway, excluding the need 
for the enzyme 6-desaturase. In contrast to most other studies, linoleic acid levels (C18:2n-6, 
LA) in the diet were kept constant to ensure an equal and sufficient supply of n-6 PUFA, 
since an increased n-3 PUFA supply is known to inhibit the formation of n-6 PUFA, due to 
the competition for the Δ6-desaturase enzyme and preference of this enzyme for n-3 over n-6 
PUFA (Kurlak and Stephenson, 1999).  
 
MATERIALS AND METHODS 
 
Animals and diets  
The trial was conducted from April until September 2010 at the Institute for Agricultural and 
Fisheries Research in Melle, Belgium, and approved by the Ethical Committee of the Institute 
for Agricultural and Fisheries Research (approval number EC 2010/129). 
Sixty-four sows (Rattlerow-Seghers hybrids; parity 1-12) were inseminated with Piétrain pig 
semen and were fed a standard commercial gestation diet until day 73 of gestation. The trial 
consisted of four consecutive groups of sows, corresponding to the 3-week batch insemination 
system of the farm (with 12, 16, 17 and 19 sows in groups 1 to 4, respectively). Within each 
group, the sows were allocated to one of the experimental diets, balancing them for parity and 
body weight. There were four experimental diets in the trial: a palm oil diet and a diet 
including 1% linseed oil, echium oil (Incromega V3, Croda Europe Ltd, Leek, Staffordshire, 
UK) or fish oil (INVE België NV, Baasrode, Belgium). Linseed oil, echium oil and fish oil 
were included in the diet by replacement of palm oil. By including equal levels of linseed oil 
and echium oil in the sow diet, comparable concentrations of total n-3 precursor fatty acids 
(ALA + SDA) were present in both diets, but with the linseed oil diet only containing ALA 
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and the echium oil diet containing both ALA and SDA. All diets were formulated to contain 
similar amounts of linoleic acid (14 g/kg feed), by adjusting the level of soy oil in the diet. 
Total oil concentrations were similar between dietary treatments. The total number of sows 
per dietary treatment was 16.  
The experimental diets were fed from day 73 of gestation and during lactation. The sows were 
fed 2.6 kg/day of the gestation diet, until one week before the expected farrowing date. Then, 
sows were transferred to the farrowing crates and were fed 3 kg/day of the lactation diet until 
farrowing. After farrowing, they received 0.25 kg feed extra per piglet born. Lactation diets 
were fed until weaning at four weeks.  
The ingredients, oil inclusion, nutrient composition and fatty acid profile of the gestation and 
lactation diets are given in appendix (Table A.4 and Table A.5). Both gestation and lactation 
diets were prepared in two batches. Due to a manufacturing fault, the second batch of the 
gestation diet of the linseed oil treatment contained 2% linseed oil, instead of 1%. Only the 
sows of the linseed oil dietary treatment of group 4 were fed this gestation diet. The data of 
these sows was not omitted from the dataset, as no differences were found on the fatty acid 
composition of the blood of these sows and their piglets, as described in Chapter 1C.  
 
Experimental procedures  
Within 24 h after birth, the weight and gender of each piglet was recorded and two male 
piglets per litter were selected, i.e. the lightest and heaviest male piglet. These selected piglets 
were killed by inhalation of Isoflurane (Isoba, Schering-Plough Animal Health, Middlesex, 
UK), immediately followed by bleeding. Piglets were not separated from the sows before 
being sacrificed. The brain, liver and Longissimus dorsi (LD; muscle) were removed, the 
organ weights were recorded and the samples were stored at -20°C until analysis. 
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Across all diets and within each diet, the two piglet weight groups (i.e. light and heavy 
piglets) differed significantly for liveweight at birth. The birth weight (expressed as mean ± 
SE) was 1.06 ± 0.05 kg and 1.86 ± 0.05 kg for the light and heavy piglets, respectively. Of the 
light weight group, 48% of the piglets had a birth weight of less than 1 kg, vs. 2% of the 
piglets of the heavy weight group (Figure 1.10). A birth weight of 1 kg may be considered as 
a critical weight, as piglets weighing less than 1 kg have very high chances of pre-weaning 
mortality (Quiniou et al., 2002). Within each weight group, no difference in average birth 
weight was found between the different diets.  
As not all farrowings could be attended and piglets needed to be sampled within 24 h after 
birth, it was not possible to obtain samples from the piglets of each sow. In total, 96 piglets 
were sampled (18, 28, 24 and 26 piglets in groups 1 to 4, respectively or 22, 22, 26 and 26 
piglets from sows fed palm oil, linseed oil, echium oil and fish oil, respectively). One LD 
sample (heavy piglet of group 2, fish oil treatment) and two brain samples (light piglets of 
group 4, echium oil and fish oil treatment) were lost during analysis and hence not included in 
the dataset. 
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Figure 1.10. Birth weight (kg) distribution of the piglets, with piglets divided into two weight 
groups (light vs. heavy weight group) by selecting the lightest and heaviest male piglet per 
litter. 
 
Analytical procedures  
Feed samples were analysed for dry matter, ash (ISO 5984), crude protein (ISO 5983-2), and 
crude fat (ISO 6492). Fatty acid composition of feed, liver and brain was analysed by direct 
transesterification, using 250 mg of feed, 300 mg of liver and 200 mg of freeze dried brain, as 
described in Chapter 1C. For muscle, this methylation procedure was preceded by lipid 
extraction with chloroform/methanol (Folch et al., 1957), using 3 g of muscle tissue.  
The fatty acid methyl esters were analysed by gas-liquid chromatography (HP6890, Agilent, 
Brussels, Belgium) using a SolGel-Wax column (30m x 250µm x 0.25µm; SGE Analytical 
Science, Victoria, Australia). The gas chromatograph conditions were: injector: 250°C;  
detector: 280°C; H2 as carrier gas; temperature program: 150°C for 2 min, followed by an 
increase of 3°C/min to 250°C, 250°C for 25 min. Peaks were identified by comparing the 
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retention times with those of the corresponding standards (Sigma-Aldrich, Bornem, Belgium).  
The fatty acid composition of the tissues is expressed as relative concentrations (g/100 g total 
fatty acids) and absolute amounts (mg/100 g tissue). 
 
Calculations  
Total n-6 and n-3 PUFA were calculated as the sum of C18:2n-6 + C18:3n-6 + C20:3n-6 + 
C20:4n-6 + C22:4n-6 + C22:5n-6 and as the sum of C18:3n-3 + C18:4n-3 + C20:4n-3 + 
C20:5n-3 + C22:5n-3 + C22:6n-3, respectively. C20:2n-6 and C20:3n-3 are presented in the 
results, but were left out of these sums, as they don‟t belong to the n-6 and n-3 pathways. 
Two ratios were calculated to evaluate the DHA status of the newborn piglets: C22:6n-
3/C22:5n-6 and C22:5n-6/C22:4n-6 (DHA sufficiency index and DHA deficiency index, 
respectively; Al et al., 1997). As low tissue levels of DHA were found to be accompanied by 
a compensatory increase in n-6 LC PUFA, particularly C22:5n-6 (Neuringer et al., 1986), also 
the sum of C22:5n-6 and C22:6n-3 was calculated in the piglet brain to estimate the reciprocal 
replacement of both fatty acids. 
 
Statistical analysis  
The data were analysed by ANOVA using the Mixed Model procedure of SAS (SAS 
Enterprise Guide 4, version 4.3, SAS Institute Inc., Cary, NC, USA). The production 
parameters and piglet weights were analysed with a model including the fixed effects of diet, 
group (of sows) and diet × group. The fatty acid composition and the weights of the piglet 
liver, LD and brain were analysed with a model including the fixed effects of diet, group (of 
sows) and weight group (i.e. light or heavy piglets) and all two-way interaction terms. Post-
hoc comparison of least squares means was done using the Tukey method. Differences were 
considered significant at P < 0.05. Values in the text are presented as least squares means ± 
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SE. Pearson correlation coefficients were calculated between birth weight and PUFA 
concentrations in the piglet tissues within dietary treatments.  
 
RESULTS 
 
Production parameters and piglet weights  
No effect of the group of the sows was observed on the sow production parameters and piglet 
weights. No effects of n-3 PUFA in the diet of the sow were observed on the number of live 
born piglets (12.3 ± 0.4; P = 0.49) and the number of live born piglets that died pre-weaning 
(1.5 ± 0.2; P = 0.99). Offspring from sows fed fish oil had a lower birth weight (1.41 ± 0.03 
kg) than the piglets from the linseed oil fed sows (1.54 ± 0.03 kg, P = 0.006). Average birth 
weight of these piglets did not differ from the piglets of the palm oil and echium oil fed sows 
(1.45 ± 0.03 kg and 1.49 ± 0.03 kg, respectively). Piglets that died pre-weaning had lower 
average birth weights (1.27 ± 0.04 kg) than piglets surviving lactation (1.55 ± 0.02 kg; P < 
0.001). When taking 1 kg as the critical birth weight (Quiniou et al., 2002), 21.4 % of the 
piglets that died pre-weaning had a birth weight less than 1 kg vs. 2.6 % of the piglets 
surviving lactation.  
Including n-3 PUFA in the sow diet had no effect on the weight of the brain, liver and LD of 
the newborn piglet. However, the organ weights did differ between the two piglet weight 
groups. The average weight of both the liver and LD were two fold higher for the piglets of 
the heavy weight group compared to the light weight group (47.7 ± 1.69 g vs. 24.0 ± 1.69 g 
for liver; 27.8 ± 0.91 g vs. 14.1 ± 0.91 g for LD, heavy vs. light piglets, respectively; P < 
0.001). Also the brain weight was significantly different between piglet weight groups, 
although the difference was much smaller (29.0 ± 0.38 g vs. 32.5 ± 0.38 g, light vs. heavy 
piglets, respectively; P < 0.001). When expressing the organ weights relatively to the piglets‟ 
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body weight, this resulted in a higher relative brain weight for the piglets of the light weight 
group compared to the heavy weight group (3.02 ± 0.10 vs. 1.80 ± 0.10 g brain / 100 g body 
weight, respectively; P < 0.001). For the liver and LD, the relative organ weights for the 
piglets of the light weight group were lower than for the piglets of the heavy weight group 
(2.23 ± 0.05 vs. 2.56 ± 0.05 g liver/ 100 g body weight, 1.30 ± 0.03 vs. 1.49 ± 0.03 g LD/ 100 
g body weight, light vs. heavy piglets, respectively; P < 0.001) 
 
Fatty acid composition of piglet tissues  
Group effects  
Group effects were observed for some fatty acids in the tissues of the piglets, mostly in the 
minor saturated fatty acids (SFA) and monounsaturated fatty acids (MUFA). These effects 
were inconsistent and as they were not the main interest of this experiment, the results are not 
presented in the tables. The most interesting group effects however were those regarding the 
ALA concentration in the tissues of the piglets of the linseed oil fed sows of group 4, 
compared to the other groups, as unintentionally the sows of group 4 on the linseed oil 
treatment were fed twice as much linseed oil as the other groups. Only the piglet muscle 
showed a clear group × diet effect: ALA and C20:3n-3 concentrations were higher in the LD 
of the piglets from the linseed oil fed sows of group 4 compared to the other groups (P < 
0.001). The ALA and C20:3n-3 concentrations in the piglet liver differed only between the 
piglets from the linseed oil fed sows of groups 2 and 4, with group 4 being the highest. The 
ALA concentration of the brain of the piglets didn‟t differ between groups.  
 
Chapter 1D 
99 
 
Diet × piglet weight effects  
No diet × weight effects were observed on the fatty acid composition of any of the piglet 
tissues (Table 1.12, Table 1.13 and Table 1.14). Therefore, the main effects of diet and weight 
were considered separately.    
 
Diet effects  
Including n-3 PUFA in the gestation diet altered the fatty acid composition of all piglet tissues 
(Table 1.12, Table 1.13 and Table 1.14). Adding linseed oil to the diet of the gestating sows 
resulted in higher concentrations of ALA and C20:3n-3 in all tissues of the piglets, compared 
to the other diets. Also the LA concentration was higher when linseed oil was fed to the sows. 
In comparison with the palm oil diet, feeding linseed oil resulted in higher concentrations of 
C20:4n-3, EPA, C22:5n-3, DHA and total n-3 PUFA in all tissues of the piglets. Also the 
C22:6n-3/C22:5n-6 ratio was higher when linseed oil was fed, in comparison with palm oil.  
Including echium oil in the sow diet resulted in a higher concentration of SDA in the liver, 
brain and LD of the piglets compared to the palm oil diet (and also the linseed oil diet for 
LD). The concentration of C18:3n-6 showed a tissue-specific response following the echium 
oil dietary treatment: C18:3n-6 was higher in the LD when echium oil was fed to the sows, 
compared to the other diets, but in liver and brain no response was observed. Echium oil in 
the sow diet resulted in higher concentrations of EPA, C22:5n-3, DHA and total n-3 PUFA in 
all piglet tissues, compared with palm oil. Also the C22:6n-3/C22:5n-6 ratio was higher in the 
LD, liver and brain of the piglets from the sows fed echium oil, compared to palm oil.  
Feeding fish oil to the gestating sows resulted in higher EPA and DHA concentrations in all 
piglet tissues, compared to the other diets. Also the C22:6n-3/C22:5n-6 ratio was significantly 
higher for the piglets of the fish oil dietary treatment compared to the other diets.  
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The concentration of C22:5n-6 was higher in all tissues of the piglets born from sows fed the 
palm oil diet, compared to the other diets. This was also observed for C22:4n-6, except in LD, 
where C22:4n-6 concentrations were only higher when palm oil was fed compared to fish oil 
and linseed oil.  
In the piglet brain, the concentrations of arachidonic acid (C20:4n-6, ARA), C22:4n-6, 
C22:5n-6, total n-6 PUFA and the C22:5n-6/C22:4n-6 ratio were the highest for the piglets of 
the palm oil diet, compared to all other diets. Also the brain of the piglets of the linseed oil 
and echium oil diet showed higher concentrations of these fatty acids in comparison with the 
piglets of the fish oil diet. 
 
Piglet weight effects 
The amount of total fatty acids present in the LD was higher for the heavy piglets, compared 
to the light piglets (Table 1.12). Almost no differences were observed between weight classes 
on n-3 PUFA in the LD, except for lower ALA and C20:4n-3 concentrations and higher SDA 
concentrations in the LD of the light piglets compared to the heavy piglets. The total 
concentration of n-6 PUFA in the LD was not altered, but concentrations of ARA, C22:4n-6 
and C22:5n-6 were higher and the concentration of LA was lower for the light piglets 
compared to the heavy piglets. Also the C22:6n-3/C22:5n-6 ratio of the LD was lower for the 
light piglets.  
In the liver, the LA and ALA concentrations were lower for the light piglets, whereas ARA, 
C22:4n-6 and C22:5n-6 in the liver were higher compared to the heavy piglets (Table 1.13). 
The C22:6n-3/C22:5n-6 ratio in the liver was lower for the light piglets.  
No effect of body weight on the amount of total fatty acids was observed in the liver or the 
brain. The concentrations of total n-6 PUFA and C22:5n-6 in the brain were higher for the 
light piglets, whereas the n-3 PUFA and DHA concentrations were lower, resulting in a 
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higher n-6/n-3 PUFA ratio for the light piglets compared to the heavy piglets (Table 1.14). 
The brain of the light piglets had a lower C22:6n-3/C22:5n-6 ratio and a higher C22:5n-
6/C22:4n-6 ratio than the brain of the heavy piglets. However, the sum of DHA and C22:5n-6 
did not differ between piglet weight groups. Positive correlations between birth weight and 
brain DHA status were found for the piglets of the sows fed the palm oil, linseed oil or 
echium oil diet ( = 0.51, P = 0.015;  = 0.47, P = 0.026;  = 0.50, P = 0.011, respectively). 
No correlation was observed between birth weight and brain DHA status for the piglets of the 
fish oil fed sows ( = -0.05, P = 0.80). 
  
 
Table 1.12. Fatty acid composition (g/100 g total fatty acids) of Longissimus dorsi muscle (LD) from newborn piglets born to sows fed diets containing palm oil, linseed oil, 
echium oil or fish oil from day 73 of gestation 
1
 
Fatty acid Diet Piglet weight 
2
 RMSE P 
 
Palm oil Linseed oil Echium oil Fish oil Light Heavy  Diet Weight 
Diet x 
Weight 
SFA 34.3 33.6 34.3 34.1 33.8 34.4 1.05 0.08 0.007 0.62 
MUFA 29.7 29.2 28.8 28.1 28.1 29.8 2.17 0.14 <0.001 0.91 
C18:2n-6 10.9 
ab
 12.1 
a
 9.74 
b
 10.0 
b
 9.93 11.4 2.20 0.003 0.002 0.72 
C18:3n-6 0.359 
b
 0.310 
c
 0.468 
a
 0.340 
bc
 0.361 0.377 0.055 <0.001 0.13 0.78 
C20:2n-6 0.652 
a
 0.612 
ab
 0.570 
b
 0.609 
ab
 0.628 0.594 0.071 0.004 0.029 0.95 
C20:3n-6 0.791 
bc
 0.784 
c
 0.913 
a
 0.905 
ab
 0.876 0.820 0.138 0.002 0.06 0.51 
C20:4n-6 5.80 
ab
 4.97 
b
 5.90 
a
 5.30 
ab
 6.11 4.88 1.20 0.039 <0.001 0.98 
C22:4n-6 1.13 
a
 0.831 
b
 1.01 
a
 0.752 
b
 1.03 0.832 0.219 <0.001 <0.001 0.64 
C22:5n-6 1.13 
a
 0.830 
b
 0.953 
b
 0.782 
b
 0.991 0.854 0.212 <0.001 0.003 0.88 
n-6 PUFA 20.1 
a
 19.9 
a
 19.0 
ab
 18.1 
b
 19.3 19.2 1.43 <0.001 0.77 0.46 
C18:3n-3 0.942 
b
 2.23 
a
 1.23 
b
 0.877 
b
 1.19 1.45 0.475 <0.001 0.012 0.93 
C18:4n-3 0.157 
bc
 0.147 
c
 0.216 
a
 0.191 
ab
 0.200 0.156 0.055 <0.001 <0.001 0.11 
C20:3n-3 0.097 
b
 0.214 
a
 0.114 
b
 0.111 
b
 0.126 0.141 0.055 <0.001 0.15 0.99 
C20:4n-3 0.038 
c
 0.097 
b
 0.158 
a
 0.105 
b
 0.087 0.112 0.045 <0.001 0.009 0.19 
C20:5n-3 0.252 
c
 0.478 
b
 0.510 
b
 0.936 
a
 0.553 0.535 0.130 <0.001 0.51 0.26 
C22:5n-3 0.759 
c
 1.15 
b
 1.20 
b
 1.47 
a
 1.16 1.13 0.167 <0.001 0.26 0.70 
C22:6n-3 0.951 
c
 1.21 
b
 1.34 
b
 2.41 
a
 1.52 1.44 0.316 <0.001 0.21 0.80 
n-3 PUFA 3.10 
d
 5.32 
b
 4.65 
c
 5.98 
a
 4.71 4.81 0.657 <0.001 0.48 0.90 
n-6/n-3 PUFA 6.64 
a
 3.79 
b
 4.10 
b
 3.04 
c
 4.43 4.35 0.486 <0.001 0.42 0.75 
Total FA, mg/100 g LD 1562 1650 1409 1365 1352 1641 355 0.04 <0.001 0.92 
C22:6n-3/C22:5n-6 
3
 0.894 
c
 1.49 
b
 1.44 
b
 3.12 
a
 1.65 1.82 0.367 <0.001 0.037 0.55 
C22:5n-6/C22:4n-6 
4
 1.03 0.997 0.951 1.06 0.982 1.04 0.149 0.11 0.09 0.82 
a,b,c,d
 Within diet, means without a common superscript letter differ, P < 0.05.
 
1 
Values are given as Least Squares Means with Root Mean Square Error (RMSE), n = 22-26 for diet and n = 47-48 for weight.  
2
 Muscle was sampled from the lightest and heaviest male piglet per litter at birth.  
3
 DHA sufficiency index (Al et al., 1997). 
4
 DHA deficiency index (Al et al., 1997). 
  
 
Table 1.13. Fatty acid composition (g/100 g total fatty acids) of liver from newborn piglets born to sows fed diets containing palm oil, linseed oil, echium oil or fish oil from 
day 73 of gestation 
1
 
Fatty acid Diet Piglet weight 
2
 RMSE P 
 
Palm oil Linseed oil Echium oil Fish oil Light Heavy  Diet Weight 
Diet x 
Weight 
SFA 34.0 33.0 33.5 33.4 33.9 33.1 1.62 0.24 0.021 0.69 
MUFA 31.7 28.7 31.8 29.4 29.9 30.8 4.72 0.06 0.36 0.77 
C18:2n-6 9.91 
b
 12.5 
a
 9.10 
b
 10.2 
b
 9.36 11.5 2.69 <0.001 <0.001 0.54 
C18:3n-6 0.388 0.401 0.440 0.326 0.386 0.391 0.167 0.18 0.89 0.96 
C20:2n-6 0.854 
a
 0.765 
b
 0.702 
b
 0.720 
b
 0.781 0.740 0.095 <0.001 0.041 0.80 
C20:3n-6 0.701 
b
 0.772 
ab
 0.843 
a
 0.852 
a
 0.764 0.820 0.141 0.002 0.06 0.15 
C20:4n-6 9.07 8.21 8.15 7.56 8.90 7.59 2.10 0.16 0.004 0.87 
C22:4n-6 0.562 
a
 0.418 
b
 0.441 
b
 0.362 
b
 0.514 0.377 0.134 <0.001 <0.001 0.91 
C22:5n-6 0.881 
a
 0.573 
b
 0.683 
b
 0.513 
b
 0.735 0.590 0.239 <0.001 0.005 0.83 
n-6 PUFA 21.5 
ab
 22.9 
a
 19.7 
b
 19.8 
b
 20.7 21.3 3.47 0.008 0.39 0.63 
C18:3n-3 0.547 
c
 1.74 
a
 0.985 
b
 0.705 
bc
 0.874 1.11 0.395 <0.001 0.005 0.74 
C18:4n-3 0.077 
b
 0.147 
a
 0.147 
a
 0.104 
ab
 0.118 0.120 0.055 <0.001 0.87 0.98 
C20:3n-3 0.107 
c
 0.293 
a
 0.161 
b
 0.136 
bc
 0.149 0.199 0.063 <0.001 <0.001 0.75 
C20:4n-3 0.054 
c
 0.151 
ab
 0.188 
a
 0.133 
b
 0.111 0.152 0.063 <0.001 0.002 0.28 
C20:5n-3 0.253 
c
 0.770 
b
 0.748 
b
 1.46 
a
 0.862 0.752 0.210 <0.001 0.014 0.82 
C22:5n-3 0.701 
c
 1.25 
ab
 1.06 
b
 1.40 
a
 1.09 1.11 0.315 <0.001 0.74 0.56 
C22:6n-3 2.77 
c
 3.65 
b
 3.64 
b
 5.70 
a
 4.02 3.86 0.823 <0.001 0.36 0.36 
n-3 PUFA 4.40 
d
 7.70 
b
 6.77 
c
 9.50 
a
 7.07 7.11 1.05 <0.001 0.87 0.31 
n-6/n-3 PUFA 4.91 
a
 2.98 
b
 2.91 
b
 2.09 
c
 3.16 3.28 0.329 <0.001 0.09 0.81 
Total FA, mg/100 g liver 3122 3082 2920 2996 2976 3084 757 0.80 0.49 0.84 
C22:6n-3/C22:5n-6 
3
 3.29 
c
 7.10 
b
 6.08 
b
 11.9 
a
 6.37 7.81 2.66 <0.001 0.011 0.35 
C22:5n-6/C22:4n-6 
4
 1.65 1.40 1.56 1.47 1.48 1.56 0.437 0.28 0.37 0.74 
a,b,c,d
 Within diet, means without a common superscript letter differ, P < 0.05.
 
1 
Values are given as Least Squares Means with Root Mean Square Error (RMSE), n = 22-26 for diet and n = 48 for weight.  
2
 Liver was sampled from the lightest and heaviest male piglet per litter at birth.  
3
 DHA sufficiency index (Al et al., 1997). 
4
 DHA deficiency index (Al et al., 1997). 
  
 
Table 1.14. Fatty acid composition (g/100 g total fatty acids) of brain from newborn piglets born to sows fed diets containing palm oil, linseed oil, echium oil or fish oil from 
day 73 of gestation 
1
 
Fatty acid Diet Piglet weight 
2
 RMSE P 
 
Palm oil Linseed oil Echium oil Fish oil Light Heavy  Diet Weight 
Diet x 
Weight 
SFA 38.7 38.5 38.6 38.6 38.6 38.6 0.329 0.25 0.28 0.61 
MUFA 20.8 
b
 21.2 
ab
 21.3 
a
 21.2 
a
 21.0 21.2 0.477 0.004 0.10 0.96 
C18:2n-6 0.551 
b
 0.742 
a 
0.547 
b
 0.626 
ab
 0.593 0.639 0.155 <0.001 0.16 0.81 
C18:3n-6 0.047 0.050 0.048 0.047 0.047 0.049 0.008 0.44 0.13 0.83 
C20:2n-6 0.503 
b
 0.539 
b
 0.537 
b
 0.605 
a
 0.568 0.524 0.063 <0.001 0.002 0.57 
C20:3n-6 0.306 
c
 0.392 
b
 0.374 
b
 0.450 
a
 0.371 0.390 0.032 <0.001 0.018 0.85 
C20:4n-6 10.4 
a
 9.87 
b
 9.95 
b
 9.59 
c
 9.99 9.88 0.263 <0.001 0.05 0.93 
C22:4n-6 4.42 
a
 3.98 
b
 4.06 
b
 3.63 
c
 4.05 4.00 0.161 <0.001 0.14 0.78 
C22:5n-6 2.13 
a
 1.42 
b
 1.39 
b
 0.999 
c
 1.57 1.40 0.197 <0.001 <0.001 0.48 
n-6 PUFA 17.8 
a
 16.4 
b
 16.4 
b
 15.3 
c
 16.6 16.4 0.428 <0.001 0.005 0.88 
C18:3n-3 0.091 
b
 0.128 
a
 0.101 
b
 0.093 
b
 0.101 0.105 0.032 <0.001 0.35 0.08 
C18:4n-3 0.012 
b
 0.015 
a
 0.014 
a
 0.014 
a
 0.014 0.014 0.006 <0.001 0.62 0.79 
C20:3n-3 0.014 
b
 0.029 
a
 0.018 
b
 0.016 
b
 0.018 0.020 0.007 <0.001 0.08 0.76 
C20:4n-3 0.002 
c
 0.014 
a
 0.013 
a
 0.008 
b
 0.008 0.010 0.006 <0.001 0.08 0.62 
C20:5n-3 0.018 
c
 0.063 
b
 0.054 
b
 0.103 
a
 0.058 0.061 0.010 <0.001 0.38 0.46 
C22:5n-3 0.285 
c
 0.497 
b
 0.454 
b
 0.663 
a
 0.462 0.487 0.071 <0.001 0.12 0.82 
C22:6n-3 8.71 
c
 9.69 
b
 9.48 
b
 10.3 
a
 9.46 9.63 0.297 <0.001 0.008 0.57 
n-3 PUFA 9.12 
d
 10.4 
b
 10.1 
c
 11.2 
a
 10.1 10.3 0.324 <0.001 0.004 0.66 
n-6/n-3 PUFA 1.96 
a
 1.58 
b
 1.62 
b
 1.37 
c
 1.66 1.60 0.071 <0.001 <0.001 0.39 
Total FA, g/100 g dry matter 14.3 14.4 14.3 14.4 14.4 14.3 0.250 0.25 0.81 0.18 
C22:6n-3/C22:5n-6 
3
 4.19 
c
 6.97 
b
 6.94 
b
 10.5 
a
 6.70 7.58 0.819 <0.001 <0.001 0.80 
C22:5n-6/C22:4n-6 
4
 0.482 
a
 0.356 
b
 0.343 
b
 0.275 
c
 0.382 0.346 0.050 <0.001 0.001 0.57 
C22:5n-6 + C22:6n-3 10.8 
b
 11.1 
ab
 10.9 
b
 11.3 
a
 11.0 11.0 0.342 <0.001 0.97 0.97 
a,b,c,d
 Within diet, means without a common superscript letter differ, P < 0.05.
 
1 
Values are given as Least Squares Means with Root Mean Square Error (RMSE), n = 22-25 for diet and n = 46-48 for weight.  
2
 Brain was sampled from the lightest and heaviest male piglet per litter at birth.  
3
 DHA sufficiency index (Al et al., 1997). 
4
 DHA deficiency index (Al et al., 1997). 
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DISCUSSION 
 
This study examined the effects and possible interactions of birth weight and n-3 PUFA 
supplementation of the gestation diet on the n-3 PUFA status of different organs of the 
newborn piglet. These effects are of interest as both parameters have been associated with 
pre-weaning mortality. The first goal of this study was to examine if lighter piglets have a 
weaker n-3 PUFA status than heavier littermates, in order to explain the effects on pre-
weaning mortality. Indeed, lower n-3 PUFA concentrations were observed in the brain of the 
lighter piglets, mainly due to lower DHA concentrations. Also the lower C22:6n-3/C22:5n-6 
and higher C22:5n-6/C22:4n-6 ratio (DHA sufficiency and DHA deficiency index, 
respectively; Al et al., 1997) observed in the brain of the lighter piglets, indicate a weaker 
brain DHA status for these lighter piglets. These results suggest that the higher incidence of 
pre-weaning mortality in low birth weight piglets may be related to their lower brain DHA 
status, as supplementing the maternal diet with fish oil has already been shown to positively 
influence vitality (Capper et al., 2006; Rooke et al., 2001a, 2001b). However, our results are 
in contrast to other studies, where piglet birth weight had no effect upon tissue fatty acid 
composition (McNeil et al., 2005; Rooke et al., 1999). It should be noted that these studies 
compared the lightest piglets per litter with piglets of average birth weight, and not with the 
heaviest piglets as in the current study.  
In the brain of the lighter piglets, the lower DHA concentration seemed to be completely 
replaced by a higher concentration of C22:5n-6, as indicated by the constant sum of these 
fatty acids in the brain, in accordance to Childs et al. (2010). High levels of C22:5n-6 are only 
present in the brain when there is a deficiency of DHA, presumably to maintain an optimal 
amount of these 22-carbon PUFA in the brain (Abbott et al., 2010). C22:5n-6 has an identical 
structure to DHA, except for the absence of a double bond in the n-3 position. However, 
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C22:5n-6 cannot replace DHA in terms of its function in the nervous system (Greiner et al., 
2003). In contrast to our findings, this replacement of DHA by C22:5n-6 in the brain and 
retina was found to be incomplete and not only C22:5n-6 but also other n-6 fatty acids, such 
as C22:4n-6 and ARA, seem to replace DHA in n-3 deficient rats during early developmental 
periods (Greiner et al., 2003; Salem et al., 2005). In the current study, concentrations of ARA 
and C22:4n-6 were not higher in the brain of the lighter piglets, but these fatty acids plus 
C22:5n-6 did increase in the LD and liver of these piglets. This may indicate a possible 
deficiency of DHA in these tissues also, which is confirmed by the lower C22:6n-3/C22:5n-6  
ratio in the LD and liver of the lighter piglets. 
A possible explanation for the DHA deficiency in the tissues of the lighter piglets may be a 
deficient placental transfer of DHA. However, whether the compromised DHA status in low 
birth weight piglets is the result of a reduced placental efficiency, or whether the lower birth 
weight results from a reduced DHA supply, is not clear. Another explanation may be a 
reduced activity of enzymes involved in the fatty acid metabolism. However, in a study of 
McNeil et al. (2005) no reduced tissue 5- or 6-desaturase expression was observed in the 
smallest foetal pigs compared to average-sized foetal pigs. As these enzyme expressions were 
not measured in the current study, it is not known whether the same is true when the lightest 
piglet is compared to the heaviest piglet of the litter.  
     
The second goal of this study was to examine if including n-3 PUFA in the maternal diet 
could reduce the difference in n-3 PUFA status between the light and heavy piglets. However, 
no interaction between birth weight and diet was found on the fatty acid composition of any 
piglet tissue, indicating that the n-3 PUFA oils added to the maternal diet at a concentration of 
10 g/kg were not sufficient to counteract this difference. However, there were some 
indications that adding fish oil to the maternal diet reduced the difference in DHA 
Chapter 1D 
107 
 
concentration between light and heavy piglets. Firstly, although the interaction was not 
significant, the difference in brain DHA status between the light and heavy piglets was much 
smaller for the piglets of the sows fed fish oil (Δ = 0.04 g DHA/100 g fatty acids) compared 
to the piglets of the palm oil fed sows (Δ = 0.26 g DHA/100 g fatty acids) (Figure 1.11). 
These effects were nevertheless much smaller than the diet effects, where the DHA 
concentration in the brain of the piglets from the fish oil fed sows was 1.61 g/100 g fatty acids 
higher than for the piglets of the palm oil fed sows. Secondly, positive correlations between 
birth weight and brain DHA status were observed in the piglets from the sows fed the palm 
oil, linseed oil or echium oil diet, while no correlation was noticed when fish oil was fed. 
 
 
Figure 1.11. Docosahexaenoic acid (C22:6n-3, DHA) concentration (g DHA/ 100 g total fatty 
acids) of the brain of the lightest and heaviest newborn male piglets born from sows fed a 
palm oil diet, or a diet including 1% linseed oil, echium oil or fish oil, from day 73 of 
gestation and during lactation. Values are least squares means with standard errors, n = 11-13. 
Pweight = 0.008; Pdiet < 0.001, with fish oil > linseed oil = echium oil > palm oil. 
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Including fish oil in the sow diet resulted in a lower piglet birth weight, which was also found 
in the study of Rooke et al. (2001b). This lower birth weight is probably related to the low 
piglet tissue concentrations of ARA following fish oil supplementation. It is suggested that 
DHA does not interfere with growth, but that ARA in some way enhances growth, most likely 
through effects on eicosanoid metabolism (Lapillonne et al., 2003). The negative effect of fish 
oil on growth would therefore rather be an indirect effect of lower ARA concentrations, than a 
direct effect of increasing DHA. The current study tried to prevent this fall in ARA 
concentrations following fish oil supplementation by keeping the levels of its precursor fatty 
acid LA constant in the different diets. However, this was not sufficient enough to maintain 
ARA levels, even though the ARA concentration in the fish oil diet was fivefold higher than 
in the other diets.  
Although piglets born from sows fed the fish oil diet had lower birth weights, no effect of 
maternal diet was observed on the pre-weaning mortality. However, independent of the diet, 
piglets that died pre-weaning had lower birth weights than piglets surviving lactation, in 
compliance with previous studies (Tuchscherer et al., 2000; van Rens et al., 2005). Possibly, 
the number of sows in this experiment was not sufficient to observe diet effects on production 
parameters. Alternatively, the higher DHA concentration in the brain of the piglets from the 
sows fed the fish oil diet, may have increased their postnatal vigour and hence counteracted 
the negative effect of lower birth weight. This hypothesis is strengthened by the results of the 
study of Rooke et al. (2001b), who even observed reduced pre-weaning mortality despite 
decreased piglet birth weight, when 1.65% salmon oil was included in the maternal diet.  
  
The transfer of the dietary n-3 PUFA from sows to piglets differed according to the source 
and tissue. As expected from the diet, linseed oil in the diet of the sows resulted in higher 
ALA concentrations in all piglet tissues. Conversely, the piglets from the sows fed echium oil, 
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the highest dietary source of SDA and C18:3n-6, only showed clear increases in these fatty 
acids in the LD, but not in the liver and brain. However, both linseed oil and echium oil 
dietary treatments resulted in higher concentrations of their LC derivatives EPA, C22:5n-3 
and DHA in all piglet tissues. This might indicate that most of the dietary SDA is rapidly 
converted to its LC derivatives or oxidised, and not accumulated in the tissues, as suggested 
by other studies (Harris et al., 2008; Lemke et al., 2010; Voss and Sprecher, 1988).  
Although SDA is one step further in the n-3 pathway than ALA, thereby bypassing the 
enzyme 6-desaturase, no differences in EPA or DHA concentrations were found between the 
linseed oil and echium oil dietary treatment in any of the piglet tissues. Other studies 
comparing the conversion of ALA and SDA found higher concentrations of EPA, but not 
DHA, when SDA was fed compared to when ALA was fed (James et al., 2003; Yamazaki et 
al., 1992). However, it should be noted that in these studies, the levels of dietary SDA and 
ALA were equal, while in our study the level of SDA in echium oil was lower than the 
amount of ALA in linseed oil. 
Unintentionally, the sows of group 4 following the linseed oil treatment were fed twice as 
much linseed oil as groups 1 to 3. However, this seemed to have little effect on the fatty acid 
composition of sow plasma (as discussed in Chapter 1C) and piglet tissues. Only the LD of 
the piglets showed a clear response to this additional ALA, with higher ALA and C20:3n-3 
concentrations. No differences were observed on EPA and DHA levels in any of the piglet 
tissues between 2% and 1% maternal linseed oil feeding, indicating that the additional ALA 
was not further converted to its LC derivatives, but partially metabolised to C20:3n-3 and 
partially stored as ALA in the muscle tissue. Oxidation was not measured in this study, but it 
has already been suggested that diets high in ALA also increase the oxidation of ALA, 
thereby reducing its conversion to EPA (Vermunt et al., 2000). 
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In conclusion, the lightest piglets in a litter have less n-3 PUFA in their brain than their 
heaviest littermates. Especially the lower brain DHA status is important, as this could be 
related to the higher incidence of pre-weaning mortality in low birth weight piglets. Adding n-
3 PUFA to the maternal diet could not significantly reduce this difference in n-3 PUFA status 
between the piglet weight groups, although numerically the difference in the brain DHA 
concentration between the lightest and heaviest piglets was smaller when fish oil was 
included in the diet of the sows. Supplementing the gestation diet with echium oil or linseed 
oil, as alternatives for fish oil, increased the concentrations of EPA and DHA in all piglet 
tissues, although these concentrations were not as high as when fish oil was fed. Furthermore, 
echium oil did not result in a higher conversion to these LC derivatives than linseed oil, 
probably due to the lower amount of SDA in echium oil, compared to the amount of ALA in 
linseed oil. Feeding richer sources of SDA needs to be further investigated. 
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CHAPTER 2A 
INTRODUCTION 
 
THE LINK BETWEEN POLYUNSATURATED FATTY ACIDS AND IMMUNITY 
 
N-3 polyunsaturated fatty acids (PUFA) are claimed to have beneficial effects on health and 
disease. Indeed, positive effects of an increased dietary intake of eicosapentaenoic acid 
(C20:5n-3, EPA) and docosahexaenoic acid (C22:6n-3, DHA) in humans have been 
demonstrated on cardiovascular disease (Delgado-Lista et al., 2012), blood pressure (Cabo et 
al., 2012), and rheumatoid arthritis (Miles and Calder, 2012). Furthermore, increased dietary 
intake of α-linolenic acid (C18:3n-3, ALA), but not EPA and DHA, was associated with a 
trend towards a lower risk of development of type 2 diabetes (Wu et al., 2012). However, 
inconsistency between studies exists with respect to the possible beneficial effect of n-3 
PUFA on inflammatory bowel disease (Cabré et al., 2012), cancer (Gerber, 2012), and 
osteoporosis (Orchard et al., 2012). 
 
The mechanisms through which PUFA exert their effect on immunity are complex and need 
to be further elucidated. Until now, three main modes of action have been postulated. Changes 
in the membrane phospholipid fatty acid composition of the immune cells might influence 
their function through: (1) alterations in the physical properties of the membrane, such as 
membrane fluidity and raft structure; (2) effects on cell signalling pathways, either by 
modifying the expression and activity of membrane receptors, or by modifying intracellular 
signal transduction mechanisms; and (3) alterations in the production of lipid mediators 
(eicosanoids and resolvins) (Calder, 2006; Calder, 2008; Calder and Grimble, 2002). From 
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these three possible modes of action, most is known about the effect of PUFA on eicosanoid 
synthesis.  
 
Eicosanoids are a group of chemical messengers which act within the immune system. 
Eicosanoids are synthesised from PUFA, in particular from arachidonic acid (C20:4n-6, 
ARA), but also from dihomo-γ-linolenic acid (C20:3n-6, DGLA) and EPA. The fatty acid 
precursor for eicosanoid synthesis is released from the cell membrane phospholipids, usually 
by the action of phospholipase A2, activated in response to a cellular stimulus. Because the 
membranes of most immune cells contain large amounts of ARA, compared with DGLA and 
EPA, ARA is usually the principal precursor for eicosanoid synthesis (Calder, 2001).  
Metabolism of ARA by cyclooxygenase enzymes (COX) gives rise to the 2-series 
prostaglandins (PG) and 2-series thromboxanes (TX). Metabolism of ARA by 5-lipoxygenase 
enzymes (5-LOX) gives rise to the 4-series leukotrienes (LT) (Calder, 2001; Calder, 2006). 
Similarly, also DGLA and EPA act as substrates for COX and LOX enzymes, giving rise to 
different families of eicosanoids. DGLA leads to the formation of 1-series PG, 1-series TX 
and 3-series LT, whereas EPA gives rise to the 3-series PG, 3-series TX and 5-series LT 
(Calder, 2001). Eicosanoids derived from EPA might have different potencies and biological 
actions compared to eicosanoids derived from ARA (Calder, 2008). Furthermore, eicosanoids 
can exert pro- as well as anti-inflammatory effects, e.g. PGE2 induces fever and increases 
vasodilatation and vascular permeability, but it also suppresses lymphocyte proliferation and 
inhibits production of pro-inflammatory cytokines (tumor necrosis factor-α, interleukin-1, 
interleukin-6, interleukin-2, and interferon-γ). Hence, the overall effect will depend on the 
concentrations of the eicosanoids and the balance between their precursor fatty acids in the 
cell membranes, as e.g. EPA can incorporate into the membrane phospholipids at the expense 
of ARA and alter the type of eicosanoids produced (Calder, 2001; Calder, 2006). 
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In addition to modulating the generation of eicosanoids from ARA and to EPA acting as 
substrate for the generation of alternative eicosanoids, EPA and DHA can also give rise to E-
series and D-series resolvins, respectively, which both appear to have anti-inflammatory 
effects (Calder, 2006). 
 
High dietary levels of either ALA or EPA+DHA have already been demonstrated to decrease 
chemotaxis of neutrophils and monocytes, production of reactive oxygen species by 
neutrophils and monocytes, production of pro-inflammatory cytokines by monocytes and T 
lymphocytes, and T lymphocyte proliferation (Calder, 2001). However, it is not clear what the 
level of n-3 PUFA required to exert these effects is.  
 
IMMUNITY OF THE PIGLET 
 
At birth, most components of the immune system of the piglet are present, but functionally 
undeveloped, and several weeks of life are needed before the immune system becomes fully 
developed (Rooke and Bland, 2002). In addition, due to the epitheliochorial nature of the 
porcine placenta, no transfer of maternal immunoglobulins to the piglets occurs and as such, 
the piglet is born without immunoglobulins (Rooke et al., 2003). Therefore, the newborn 
piglet has a lack of immune protection and it relies completely on the intake of 
immunoglobulins from maternal colostrum for passive immune protection. Finding strategies 
to improve the immune status of the piglet may therefore be beneficial for survival.  
As the immune system of the newborn is not fully developed, it is believed to be more 
sensitive to dietary changes. Supplementing the maternal diet with n-3 PUFA could hence 
influence the fatty acid composition of the immune cells and alter their function. In this 
respect, studies in humans and rodents have shown that supplementation of the maternal diet 
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with fish oil can affect the immune function of the neonate. Fish oil supplementation of the 
maternal diet during pregnancy and lactation has been associated with reduced risk of infant 
allergy (Furuhjelm et al., 2009), and altered cytokine production in infants (Dunstan et al., 
2003; Lauritzen et al., 2005). In the study of Lauritzen et al. (2011), fish oil in the diet of 
gestating and lactating mice reduced the levels of total ovalbumin specific antibodies in the 
pup blood at weaning compared to an n-3 PUFA deficient diet, whereas linseed oil in the 
maternal diet had no effect. However, van Vlies et al. (2011) showed that feeding high ALA 
diets to lactating mice improved the offspring‟s cellular immunity to viral antigens. Also 
effects of PUFA in the maternal diet on eicosanoid concentrations in the offspring have been 
observed, as corn oil (rich in LA) in the diet of the dam increased PGE2 levels in the lungs of 
rat pups compared to fish oil (Rayon et al., 1997). Furthermore, in this study, significantly 
more pups of the fish oil group survived an infection challenge compared to pups of the corn 
oil group (Rayon et al., 1997). 
Research on the effect of the fatty acid composition of the sow diet on piglet immunity has 
been rather limited. Both the studies of Fritsche et al. (1993a) and Lauridsen et al. (2007) 
showed a reduced synthesis of eicosanoids by piglet alveolar macrophages, when fish oil was 
fed to the sows. Also effects on cytokine expression have been examined. Luo et al. (2009) 
demonstrated that supplementing fish oil to the diet of lactating sows and weaned piglets 
altered the gene expression levels of cytokines derived from T helper lymphocytes (Th). 
However, the effect depended on the timing of supplementation, as dietary fish oil during 
lactation increased Th1 cytokines expression, whereas fish oil in the weaned piglet diet 
increased Th2 cytokines expression. Also Leonard et al. (2011) showed that fish oil 
supplementation of the sow diet increased mRNA expression of pro-inflammatory cytokines 
(interleukin-1α and interleukin-6) in the colon of weaned piglets. 
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No effect of tuna oil supplementation of the sow diet on the concentration of the acute phase 
proteins haptoglobin and fibrinogen in the weaned piglet was observed in the study of Rooke 
et al. (2001a), whereas the haptoglobin concentration in the weaned piglet serum decreased 
when the diet of sows and piglets was supplemented with linseed oil (Bazinet et al., 2004). 
Hence, given the results of the above mentioned studies, no clear conclusions on the effect of 
n-3 PUFA in the maternal diet on piglet immunity can be drawn and further research is 
necessary. It would be particularly interesting to examine the effect of n-3 PUFA 
supplementation of the maternal diet on the response of piglets to an immune challenge, 
which, to our knowledge, has only been studied by Bazinet et al. (2004). Furthermore, more 
research is needed on the effects of ALA vs. EPA and DHA, as the above mentioned studies 
show that linseed oil and fish oil could have differential effects on immunity. 
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CHAPTER 2B 
EFFECT OF FATTY ACID COMPOSITION OF THE MATERNAL DIET 
ON THE INNATE AND ADAPTIVE IMMUNITY OF PIGLETS AFTER 
WEANING 
 
ABSTRACT 
 
This study aimed to investigate if the immunocompetence of piglets at weaning was 
modulated by including different sources of n-3 polyunsaturated fatty acids (PUFA) in the 
maternal diet. Thirty-two pregnant sows were fed a palm oil diet or a diet including 1% 
linseed oil (C18:3n-3), echium oil (C18:3n-3, C18:4n-3, C18:3n-6) or fish oil (C20:5n-3, 
C22:6n-3) from day 73 of gestation until weaning at four weeks. It was hypothesised that each 
diet could differently affect immune function through e.g. specific eicosanoid production. 
Piglets were fed a conventional diet without added n-3 PUFA from weaning until day 35 post-
weaning. At weaning and 21 days post-weaning, four piglets per litter were immunised with 
bovine thyroglobulin. Blood samples were taken from weaning until day 35 post-weaning to 
determine thyroglobulin-specific antibodies, serum amyloid A (SAA) concentration and fatty 
acid composition. The fatty acid composition of the maternal diets was reflected in the plasma 
and red blood cells of the weaned piglets. The onset of the thyroglobulin-specific IgM 
response differed between dietary groups, with a delay in response for piglets from sows fed 
the fish oil diet. No significant diet effects were observed on the thyroglobulin-specific IgG 
and IgA titers, and on SAA concentrations in the piglet serum. Hence, including n-3 PUFA in 
the maternal diet at the concentrations used in the present study had no major effects on the 
adaptive and innate immunity of the piglets after weaning. 
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INTRODUCTION 
 
Environmental exposures early in life are important for health and disease later in life. 
Nutrition during pregnancy is a source of early exposure that might have a fundamental 
influence on foetal development (Calder et al., 2010; Prescott and Dunstan, 2007). 
Particularly dietary fatty acids are of interest, as they are incorporated into the membranes of 
all cells including the cells of the immune system. An altered fatty acid composition of the 
immune cells can influence their function through several mechanisms, as explained in 
Chapter 2A: by changing the membrane fluidity, the affinity as substrates for enzymes 
involved in cell signalling pathways, and the amount and type of eicosanoids produced 
(Calder and Grimble, 2002). Eicosanoids are a group of chemical messengers that are 
synthesised from polyunsaturated fatty acids (PUFA), in particular from arachidonic acid 
(C20:4n-6, ARA), but also from dihomo-γ-linolenic acid (C20:3n-6, DGLA) and 
eicosapentaenoic acid (C20:5n-3, EPA). In addition, EPA and docosahexaenoic acid (C22:6n-
3, DHA) can give rise to E-series and D-series resolvins, respectively, which both appear to 
have anti-inflammatory effects (Calder, 2006). 
Studies on mice suggest perinatal programming effects of the fatty acid composition of the 
maternal diet on their offspring's immune response, although different studies yield 
contradictory results (Lauritzen et al., 2011; van Vlies et al., 2011). Knowledge on the effect 
of the fatty acid composition of the sows‟ perinatal diet on the piglet immunity post-weaning 
is limited. Therefore, this study aimed to investigate if the immunocompetence of piglets at 
weaning was modulated by including different sources of n-3 PUFA in the gestation and 
lactation feed of the sow. Three sources of n-3 PUFA were studied: fish oil, linseed oil and 
echium oil. These oils have a different composition of the n-3 PUFA fraction, each 
influencing eicosanoid production in a specific manner. Fish oil is rich in EPA and DHA, 
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which both exert immunomodulating effects. Linseed oil is rich in alpha-linolenic acid 
(C18:3n-3, ALA), which may be converted to EPA and DHA, but may also inhibit the 
production of ARA from linoleic acid (18:2n-6, LA) by competing for the Δ6-desaturase 
enzyme. Echium oil contains not only ALA, but also stearidonic acid (C18:4n-3, SDA) which 
can be converted to EPA and DHA, and γ-linolenic acid (C18:3n-6, GLA) which can be 
elongated to the eicosanoid precursor DGLA. It is hypothesised that supplementing these 
PUFA during the period of development will change the fatty acid composition of the 
immune cells and alter their function later in life.  
 
MATERIALS AND METHODS 
 
The trial was conducted at the Institute for Agricultural and Fisheries Research in Melle, 
Belgium. The institutional and national guidelines for the care and use of animals were 
followed. All experimental procedures involving animals were approved by the Ethical 
Committee of the Institute for Agricultural and Fisheries Research (approval number EC 
2010/131). 
 
Sows and diets  
Thirty-two pregnant sows (Rattlerow-Seghers hybrids) were used in the experiment. The sows 
entered the experiment in two groups of sixteen sows. These two groups of sows 
corresponded with group 3 and group 4 from the experiment described in Chapter 1C. Within 
each group, the sows were allocated to one of four experimental diets (four sows per diet), so 
that for the different diets, the sows were balanced for parity and body weight. The 
experimental diets were a palm oil diet or a diet including 1% linseed oil, echium oil 
(Incromega V3, Croda Europe Ltd, Leek, Staffordshire, UK) or fish oil (INVE België NV, 
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Baasrode, Belgium) (by replacing palm oil). All diets were formulated to contain a similar 
amount of LA (14 g/kg) and were supplemented with vitamin E (75 mg/kg).  
The ingredients, oil inclusion, nutrient composition and fatty acid profile of the gestation and 
lactation diets are given in appendix (Table A.4 and Table A.5). The sows were fed the diets 
from day 73 of gestation and during lactation, until weaning at four weeks. Both gestation and 
lactation feeds were prepared in two batches. Due to a manufacturing fault, the sows of group 
4 from the linseed oil diet were fed a gestation diet containing 2% linseed oil instead of 1%. 
The data of these sows were not omitted from the dataset, as no differences were observed on 
the fatty acid composition of the blood of these sows at parturition and of their piglets at birth, 
as described in Chapter 1C.  
 
Piglets  
At weaning, four piglets per litter (two male and two female piglets) were selected, with body 
weights close to the average piglet weight of the litter. The total number of selected piglets 
was 127 (57 male and 70 female), as one sow of group 3 on the echium oil diet had only three 
female piglets and no male piglets at weaning, and three sows of group 3 on the linseed oil 
diet and one sow of group 4 on the palm oil diet had only one, respectively zero male piglets, 
resulting in three, respectively four selected female piglets. Piglets were housed with six 
littermates (four selected and two non-selected piglets) per pen. All piglets were fed the same 
diet from weaning until day 35 post-weaning, with soy oil as the main fat source. The diet 
was not supplemented with any n-3 PUFA oil. The ingredients, nutrient composition and fatty 
acid profile of the piglet weaner diets are given in appendix (Table A.4 and Table A.5). 
 
Chapter 2B 
127 
 
Experimental and analytical procedures 
Thyroglobulin-specific antibodies 
To determine the effect of the fatty acid composition of the maternal diet on the antigen-
specific immune response, the four selected piglets per litter were immunised with bovine 
thyroglobulin immediately after weaning (day 0). The piglets were injected i.m. with 1 mL of 
an emulsion of equal volumes of phosphate buffered saline (PBS) containing 1 mg bovine 
thyroglobulin (T-1001; Sigma-Aldrich, Bornem, Belgium) and incomplete Freund‟s adjuvant. 
A second identical injection was given at day 21 post-weaning. Blood samples were taken 
from each piglet by jugular venepuncture (Venosafe tubes with K2EDTA, Terumo Europe, 
Leuven, Belgium) on day 0 (before immunisation), and subsequently on day 7, 14, 21, 25, 28 
and 35 post-weaning. All blood samples were centrifuged at 1800 × g during 15 min, serum 
was separated and stored at -20°C until analysis. 
Thyroglobulin-specific antibodies were measured by Enzyme-Linked Immuno Sorbent Assay 
(ELISA). The wells of a 96-well microtitre plate (NUNC, Polysorb Immuno Plates, Roskilde, 
Denmark) were coated with thyroglobulin at a concentration of 10 µg/mL in coating buffer 
(carbonate-bicarbonate, 50 mM, pH 9.4) for 2 h at 37°C. The remaining binding sites were 
blocked overnight with 0.2% Tween
®
 80 in PBS at 4°C. Subsequently, the sera were added 
for 1 h at 37°C in series of 2-fold dilutions in ELISA dilution buffer (PBS, pH 7.4 + 0.2% 
Tween
®
 20 + 3% BSA), starting at a dilution of 1/10. Then, the plates were incubated for 1 h 
with an optimal dilution of anti-pig immunoglobulins (Ig) IgG, IgA or IgM specific Mab (Van 
Zaane and Hulst, 1987), biotinylated rabbit anti-mouse immunoglobulins (Zymed 
Laboratories, Sambio BV) and peroxidase conjugated streptavidin (DAKO, Prosan). Between 
each step, the plates were washed with washing buffer (PBS + 0.2% (v/v) Tween
®
 20). 
Finally, ABTS-solution containing H2O2 (Roche Diagnostics) was added and after 30 min 
incubation the optical density was measured at 405 nm (OD405). Cut-off values were 
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calculated as the mean OD405 of all sera (dilution 1/10) on day 0 increased with three times 
the standard deviation. The antibody titer was the inverse of the highest dilution which still 
had an OD405 higher than the calculated cut-off values. 
 
Serum Amyloid A (SAA) 
To determine the effect of the fatty acid composition of the maternal diet on the level of the 
acute phase protein SAA, extra blood samples from one randomly selected piglet per litter 
were taken one day after each immunisation with bovine thyroglobulin, resulting in four 
blood samples per animal for SAA analysis (day 0, day 1, day 21 and day 22 post-weaning). 
The serum concentrations of SAA were measured using a commercially available ELISA kit 
(Phase
TM
 Range SAA ELISA kit; Tridelta Development Ltd, Maynooth, Kildare, Ireland), in 
accordance with the manufacturer‟s instructions. The results were expressed as µg SAA per 
mL serum. Four piglets (two piglets from sows of group 3 fed the echium oil diet and two 
piglets from sows fed the linseed oil diet, one from each group) had high SAA concentrations 
on day 0 (2-8 fold higher than the mean SAA concentration at day 0). These high 
concentrations are probably resulting from a stressor outside the experiment, and as they 
could conceal a possible diet effect on day 1, the data of these piglets was omitted from the 
dataset for all four blood samples. 
 
Growth performance  
The piglets were individually weighed at weaning (day 0), day 14 and day 35 post-weaning. 
Total weight gain and average daily gain was calculated per piglet for the different time 
spans. Feed intake was registered per pen, and the average daily feed intake per piglet (feed 
intake per pen divided by number of days times number of piglets per pen) and the feed 
conversion ratio (feed intake per pen divided by total weight gain per pen) were calculated.  
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Fatty acid analysis of blood and feed  
The fatty acid composition of the plasma and red blood cells (RBC) of the piglets was 
determined at the beginning of the experiment (day 0). The fatty acid composition of plasma, 
RBC and feed was analysed by direct transesterification, using 200 µL of plasma or RBC and 
250 mg of feed, as described in Chapter 1C. The fatty acid methyl esters were analysed by 
gas-liquid chromatography (HP6890, Agilent, Brussels, Belgium) using a SolGel-Wax 
column (30m × 250µm × 0.25µm; SGE Analytical Science, Victoria, Australia). The gas 
chromatograph conditions were: injector: 250°C; detector: 280°C; H2 as carrier gas; 
temperature program: 150°C for 2 min, followed by an increase of 3°C/min to 250°C, 250°C 
for 25 min. Peaks were identified by comparing the retention times with those of the 
corresponding standards (Sigma-Aldrich, Bornem, Belgium). 
 
Proximate analysis of the feed  
Feed samples were analysed for dry matter, ash (ISO 5984), crude protein (ISO 5983-2), and 
crude fat (ISO 6492). 
 
Statistical analysis 
The thyroglobulin-specific antibodies and the SAA levels were analysed with ANOVA for 
repeated measurements using the Mixed Model procedure of SAS (SAS Enterprise Guide 4, 
version 4.3, SAS Institute Inc., Cary, NC, USA). Before analysis, the antibody titers and SAA 
concentrations were log2 and log10 transformed, respectively, to normalise the data. The 
model included maternal diet, group, days post-weaning and their two-way interaction terms 
as fixed effects, and piglet within diet × group as the subject of the repeated effect of time. 
For the thyroglobulin-specific antibodies, sow within diet × group was included in the model 
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as a random effect. Gender was added to the model in a preliminary analysis. However, 
gender was not significant and consequently it was omitted from the final model.  
The weights and growth data of the piglets were analysed using a Mixed Model with diet, 
group, gender and all two-way interaction terms as fixed effects, and sow within diet × group 
as random effect.  
The fatty acid composition of the piglet plasma and RBC at weaning was analysed by Mixed 
Model with diet, group and diet × group as fixed effects, and sow within diet × group as 
random effect. Total n-6 and n-3 PUFA were calculated as the sum of C18:2n-6 + C18:3n-6 + 
C20:3n-6 + C20:4n-6 + C22:4n-6 + C22:5n-6 and as the sum of C18:3n-3 + C18:4n-3 + 
C20:4n-3 + C20:5n-3 + C22:5n-3 + C22:6n-3, respectively. C20:2n-6 and C20:3n-3 are 
presented in the results, but were not included in these sums, as they belong to another 
pathway. 
Post-hoc comparison of least squares means was done using the Tukey method. Differences 
were considered significant at P < 0.05. Values in the text are presented as least squares 
means ± SE.  
 
RESULTS 
 
Growth performance  
No differences in piglet weight at weaning (P = 0.58), 14 days post-weaning (P = 0.75) or 35 
days post-weaning (P = 0.81) were observed between dietary treatments. Also feed intake and 
feed conversion ratio did not differ between dietary treatments. The group of sows however, 
did affect the growth performance of the piglets, as piglets from sows of group 4 were 1.2 kg 
heavier 14 days post-weaning (P = 0.009) compared to piglets from sows of group 3. 
Furthermore, they had a higher total weight gain (P = 0.005) and a higher feed intake (P < 
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0.001) from weaning to 14 days post-weaning. However, the total weight gain between day 
14 and day 35 post-weaning was higher for piglets from sows of group 3 (P = 0.02), which 
resulted in no differences between both groups in pig weight 35 days post-weaning (P = 
0.99). The feed conversion ratio from weaning to 35 days post-weaning was lower for the 
piglets from sows of group 3 (1.39 ± 0.01) compared to group 4 (1.46 ± 0.02; P = 0.007). 
 
Fatty acid composition at weaning 
Including n-3 PUFA in the maternal diet from day 73 of gestation until the end of lactation 
affected the fatty acid composition of the piglet plasma and RBC at weaning (Table 2.1 and 
Table 2.2). Linseed oil in the sow diet resulted in a higher concentration of ALA and C20:3n-
3 in the piglet plasma and RBC compared to the other dietary treatments (except for echium 
oil in RBC). The plasma and RBC of the piglets from sows fed the echium oil diet had higher 
concentrations of C18:3n-6, C20:3n-6, SDA (not in RBC), C20:4n-3 and C22:5n-3 compared 
to the other dietary treatments, and higher concentrations of ARA compared to the fish oil 
dietary treatment (and linseed oil dietary treatment for plasma). Both linseed oil and echium 
oil in the diet of the sows resulted in a higher EPA concentration in the piglet plasma and 
RBC compared to the palm oil diet. The DHA concentration did not differ between the 
linseed, echium and palm oil dietary treatments. Fish oil in the maternal diet resulted in higher 
concentrations of EPA and DHA in the piglet plasma and RBC compared to all other dietary 
treatments.  
There was an effect of group of sows on the concentrations of some fatty acids in the piglet 
plasma and RBC, but these effects were equivocal and the differences were smaller than those 
observed for the diet effect. These results are therefore not presented in the tables.  
  
 
 
Table 2.1. Fatty acid composition (g/100 g total fatty acids) of plasma from weaned piglets born to sows fed diets containing palm oil, linseed oil, echium oil or fish oil from 
day 73 of gestation and during lactation
1
 
Fatty acid Diet RMSE P 
Palm oil Linseed oil Echium oil Fish oil Diet 
SFA 32.6 32.4 32.7 32.7 0.941 0.79 
MUFA 20.9 20.1 19.4 19.0 1.45 0.20 
C18:2n-6 26.6 25.9 25.4 26.4 1.55 0.27 
C18:3n-6 0.379
b
 0.311
b
 0.903
a
 0.305
b
 0.059 <0.001 
C20:2n-6 0.344 0.340 0.312 0.308 0.032 0.43 
C20:3n-6 0.415
b
 0.376
b
 0.683
a
 0.385
b
 0.078 <0.001 
C20:4n-6 6.97
a
 5.80
b
 6.64
a
 4.73
c
 0.529 <0.001 
C22:4n-6 0.365
a
 0.235
ab
 0.323
a
 0.128
b
 0.216 0.002 
C22:5n-6 0.151
a
 0.076
b
 0.071
b
 0.070
b
 0.030 <0.001 
n-6 PUFA 34.9
a
 32.7
bc
 34.1
ab
 32.0
c
 1.66 0.002 
C18:3n-3 1.02
c
 2.56
a
 1.94
b
 1.22
c
 0.139 <0.001 
C18:4n-3 0.138
b
 0.189
b
 0.349
a
 0.179
b
 0.045 <0.001 
C20:3n-3 0.080
c
 0.157
a
 0.123
b
 0.097
bc
 0.025 <0.001 
C20:4n-3 0.030
c
 0.056
b
 0.168
a
 0.081
b
 0.020 <0.001 
C20:5n-3 0.395
c
 0.937
b
 1.08
b
 2.70
a
 0.186 <0.001 
C22:5n-3 1.29
bc
 1.56
b
 1.85
a
 1.27
c
 0.183 <0.001 
C22:6n-3 1.44
b
 1.82
b
 1.72
b
 4.05
a
 0.297 <0.001 
n-3 PUFA 4.32
c
 7.13
b
 7.11
b
 9.51
a
 0.561 <0.001 
n-6/n-3 PUFA 8.18
a
 4.67
b
 4.82
b
 3.40
c
 0.477 <0.001 
a,b,c 
Within a row, means for diet without a common superscript differ (P < 0.05). 
1
 Values are least squares means with root mean square error (RMSE), n = 31 for the echium oil diet and n = 32 for all other diets.
  
 
 
Table 2.2. Fatty acid composition (g/100 g total fatty acids) of red blood cells from weaned piglets born to sows fed diets containing palm oil, linseed oil, echium oil or fish 
oil from day 73 of gestation and during lactation
1
 
Fatty acid Diet RMSE P 
Palm oil Linseed oil Echium oil Fish oil Diet 
SFA 38.3 38.3 37.3 37.3 5.17 0.74 
MUFA 32.4 32.4 31.2 31.9 3.09 0.52 
C18:2n-6 12.0 11.8 12.4 12.4 3.85 0.92 
C18:3n-6 0.072
b
 0.064
b
 0.168
a
 0.068
b
 0.034 <0.001 
C20:2n-6 0.253 0.253 0.232 0.249 0.077 0.68 
C20:3n-6 0.323
b
 0.328
b
 0.592
a
 0.371
b
 0.134 <0.001 
C20:4n-6 3.39
ab
 2.96
ab
 3.63
a
 2.65
b
 1.12 0.014 
C22:4n-6 0.353
a
 0.235
b
 0.269
b
 0.136
c
 0.092 <0.001 
C22:5n-6 0.146
a
 0.102
ab
 0.105
ab
 0.069
b
 0.047 0.003 
n-6 PUFA 16.3 15.5 17.2 15.7 5.09 0.64 
C18:3n-3 0.464
b
 0.951
a
 0.793
a
 0.518
b
 0.263 <0.001 
C18:4n-3 0.119 0.121 0.188 0.130 0.075 0.12 
C20:3n-3 0.062
c
 0.100
a
 0.084
ab
 0.064
bc
 0.028 <0.001 
C20:4n-3 0.019
b
 0.028
b
 0.065
a
 0.033
b
 0.021 <0.001 
C20:5n-3 0.210
c
 0.414
b
 0.513
b
 1.12
a
 0.223 <0.001 
C22:5n-3 1.12
b
 1.45
b
 1.86
a
 1.33
b
 0.532 <0.001 
C22:6n-3 1.19
b
 1.53
b
 1.61
b
 3.15
a
 0.602 <0.001 
n-3 PUFA 3.12
c
 4.50
b
 5.03
b
 6.28
a
 1.33 <0.001 
n-6/n-3 PUFA 5.10
a
 3.42
b
 3.37
b
 2.55
c
 0.567 <0.001 
a,b,c 
Within a row, means for diet without a common superscript differ (P < 0.05). 
1
 Values are least squares means with root mean square error (RMSE), n = 31 for the echium oil diet and n = 32 for all other diets. 
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Thyroglobulin-specific antibodies 
No significant day × diet effect was observed on the thyroglobulin-specific log2 IgG titer in 
the piglet serum after weaning (P = 0.37; Figure 2.1). Also the diet effect was not significant 
(P = 0.17). Furthermore, a significant day × group interaction was observed (P < 0.001), as 
the piglets from the sows of group 3 had higher log2 IgG titers in their serum at day 14 and 
day 21 post-weaning, compared to the piglets from the sows of group 4. 
A significant day × diet effect was observed in the thyroglobulin-specific log2 IgM titer 
(Figure 2.2). The log2 IgM titer increased from day 0 to day 7 post-weaning in the piglets 
from the sows fed the echium oil diet (P < 0.001) or linseed oil diet (P = 0.04), but not in the 
piglets from the sows fed the fish oil diet (P = 0.15) or palm oil diet (P = 0.27). Furthermore, 
the log2 IgM titer increased from day 7 to day 14 post-weaning in the piglets from the sows 
fed the echium oil diet (P = 0.009), linseed oil diet (P < 0.001) and palm oil diet (P < 0.001), 
but not in the piglets from the sows fed the fish oil diet (P = 0.99). Also a day × group effect 
was observed (P < 0.001). At weaning, there was no difference between groups, but at all 
sampling times after weaning, piglets from the sows of group 3 had higher thyroglobulin-
specific log2 IgM titers than piglets from the sows of group 4.  
No day × diet interaction (P = 0.11) was seen for the thyroglobulin-specific log2 IgA titer in 
the piglet serum (Figure 2.3). Also the diet effect was not significant (P = 0.35). The day × 
group interaction was significant (P < 0.001), with piglets from sows of group 3 having 
higher thyroglobulin-specific log2 IgA titers on day 7, 21, 25, 28 and 35 post-weaning, than 
piglets from the sows of group 4, but not on day 0 and 14 post-weaning.  
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Figure 2.1. Log2 thyroglobulin-specific IgG titer (mean + SEM) in serum of weaned pigs 
born to sows fed diets containing palm oil, linseed oil, echium oil or fish oil from day 73 of 
gestation and during lactation (immunisation on day 0 and day 21 post-weaning) 
 
 
Figure 2.2.  Log2 thyroglobulin-specific IgM titer (mean + SEM) in serum of weaned pigs 
born to sows fed diets containing palm oil, linseed oil, echium oil or fish oil from day 73 of 
gestation and during lactation (immunisation on day 0 and day 21 post-weaning) 
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The ratio of the thyroglobulin-specific IgG/IgA titer in the piglet serum was calculated to 
indicate whether the immune response was directed in a systemic or mucosal response (Figure 
2.4). No significant day × diet interaction (P = 0.39) or diet effect (P = 0.22) was observed. 
The day × group interaction was significant (P < 0.001), with piglets from sows of group 3 
having lower thyroglobulin-specific IgG/IgA titers on day 14, 28 and 35 post-weaning, than 
piglets from the sows of group 4, but not on day 0, 7, 21 and 25 post-weaning.  
 
 
Figure 2.3. Log2 thyroglobulin-specific IgA titer (mean + SEM) in serum of weaned pigs 
born to sows fed diets containing palm oil, linseed oil, echium oil or fish oil from day 73 of 
gestation and during lactation (immunisation on day 0 and day 21 post-weaning) 
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Figure 2.4. Thyroglobulin-specific IgG/IgA titer (mean + SEM) in serum of weaned pigs 
born to sows fed diets containing palm oil, linseed oil, echium oil or fish oil from day 73 of 
gestation and during lactation (immunisation on day 0 and day 21 post-weaning) 
 
Serum Amyloid A 
The mean values of the log10 SAA concentrations in the piglet serum after weaning are given 
in Figure 2.5. Only the main effects of day (P < 0.001) and group (P = 0.02) were significant. 
The log10 SAA concentration at day 0 was lower compared to day 1, but not significantly 
different from day 21 and 22. Furthermore, the log10 SAA concentration was lower at day 21 
and 22 compared to day 1 and it was lower at day 21 compared to day 22. Piglets from sows 
of group 3 had higher log10 SAA concentrations than piglets from sows of group 4. No diet 
effect was observed (P = 0.12). 
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Figure 2.5. Log10 serum amyloid A (SAA; mean + SEM) concentration in serum of weaned 
pigs born to sows fed diets containing palm oil, linseed oil, echium oil or fish oil from day 73 
of gestation and during lactation. Immunisation with thyroglobulin on day 0 and day 21 post-
weaning. Pday < 0.001 with day 1  higher than the other days and day 21 lower than day 22; 
Pdiet = 0.12; Pday × diet = 0.40. 
 
 
DISCUSSION 
 
This study aimed to investigate if including n-3 PUFA in the maternal diet could alter the 
immune response of piglets at weaning. Therefore, piglets were immunised with a model 
antigen, bovine thyroglobulin, and specific antibodies were determined, as a measure of 
adaptive immunity. Bovine thyroglobulin is a novel antigen for pigs and hence the antibody 
response cannot be affected by previous exposure to this antigen. Therefore, the specific 
antibody response could give an indication of the ability of the piglet to react to a novel 
pathogen. 
The onset of the thyroglobulin-specific IgM response, which is normally the first antibody to 
be secreted, differed between diets, with a delay in response for piglets from sows fed the fish 
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oil diet. This suggests that fish oil in the maternal diet may suppress the immune response of 
the piglets. However, no significant diet effects were observed on the thyroglobulin-specific 
IgG and IgA titers and the IgG/IgA ratio. 
Some studies have been performed on the effect of the fatty acid composition of the dams‟ 
diet on the immune response of her offspring. However, the experimental design differs 
between studies and the results are somewhat contradictory. Lauritzen et al. (2011), who 
evaluated the immunity of neonatal mice during lactation, also observed reduced levels of 
total ovalbumin-specific antibodies and ovalbumin-IgG1 titers in the blood of weaned pups 
born from dams fed a fish oil diet compared to pups from dams fed an n-3 PUFA deficient 
diet, whereas the response for the pups from dams fed a linseed oil diet was intermediate. To 
the contrary, Bazinet et al. (2004) observed an increase in specific antibody response at 35 
and 49 days of age in piglets consuming a diet rich in ALA (17.8 g ALA/100 g total fatty 
acids) compared to a control diet, when piglets were immunised with hen eggwhite lysozyme, 
killed Mycobacterium tuberculosis and Freund‟s complete adjuvant at day 35 of age, with a 
booster injection at day 49 of age. However, these piglets did not only suckle from sows 
consuming these diets, but they were also fed diets with a similar fatty acid profile to that of 
their sows from weaning (14 days of age) until 57 days of age, which makes a comparison 
with our study difficult. The present study investigated the effect of the maternal diet, thus 
before weaning, on the immunity of piglets after weaning. Feeding diets to weaned piglets 
with similar fatty acid composition as the diets of their dams is logically expected to have a 
larger influence on their immunity.  
Whereas the antibody response to bovine thyroglobulin was used as an indicator of acquired 
immunity, the acute phase response in the piglets following immunisation with bovine 
thyroglobulin was determined as a measure of innate immunity. The acute phase response 
occurs in animals as a consequence of infection, inflammation or trauma. Therefore, it is 
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suggested that measuring the concentration of acute phase proteins in the blood of pigs could 
give an indication on animal health and welfare (Alava et al., 1997). The acute phase response 
is mediated by pro-inflammatory cytokines (mainly by interleukin-1, interleukin-6 and 
tumour necrosis factor-α) and is characterised by several systemic reactions including changes 
in the concentration of acute phase proteins synthesised by the liver (Alava et al., 1997). One 
of these acute phase proteins is SAA, which is characterised by a rapid increase (within 4-5 h 
after an inflammatory stimulus) of up to 5- to 1000-fold and it reaches maximum levels 
within 24 to 72 hours, followed by a rapid decline (Gruys et al., 2005). Including n-3 PUFA 
in the maternal diet had no effect on SAA concentrations in the piglet serum in our study. 
Also Rooke et al. (2001a) did not observe a difference in the concentration of the acute phase 
protein haptoglobin in piglets from sows fed tuna oil compared to a basal diet. High levels of 
ALA in the diet of sows and piglets did however decrease haptoglobin concentrations in the 
plasma of the piglets by 30% compared to pigs consuming control diets (Bazinet et al., 2004). 
A high increase in SAA concentration was observed in our study at day 1 post-weaning (and 
post-immunisation) compared to day 0. Also Sorensen et al. (2006) observed a rapid increase 
in SAA levels in pigs infected with Streptococcus suis. SAA concentrations increased rapidly 
to peak levels of 30 to 40 times the day 0 level on days 1 and 2 post-infection and returned to 
pre-inoculation level on day 5 post-infection.  
The increase in SAA concentration at the second immunisation (day 21 vs. day 22) was much 
smaller than at the first immunisation, in accordance to the study of Eckersall et al. (2008) in 
sheep. Antigen binding antibodies were already present at the second immunisation, and 
probably resulted in a rapid capture of the antigen, hence influencing the immune response. 
Furthermore, the higher increase in SAA concentration at day 1 observed in our study is 
probably only partly resulting from the immunisation with bovine thyroglobulin, and may 
also be caused by the weaning process. It was recently shown by Kim et al. (2011) in Holstein 
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calves that stress at weaning could increase the SAA concentrations twofold at day 3 and day 
5 post-weaning, compared to two days before weaning.  
The fatty acid composition of the maternal diets was reflected in the fatty acid composition of 
the plasma and RBC of the weaned piglets. Furthermore, both dietary ALA and SDA were 
further converted to EPA, but not DHA. Higher concentrations of DGLA were observed in 
piglets from sows fed the echium oil diet, probably as a result of the conversion from GLA.  
Despite these differences in fatty acid composition, it is important to notice that the measured 
immune responses differed to a larger extent between weaning groups than between dietary 
treatments. Hence, the observed delayed response in thyroglobulin-specific IgM following the 
fish oil dietary treatment may not be relevant in view of other environmental factors affecting 
immunity. Piglets from sows of group 3 showed higher thyroglobulin-specific IgG, IgM and 
IgA titers and higher SAA concentrations, than piglets from sows of group 4. Although no 
visible signs of disease were noticed in the two groups, a subclinical infection during lactation 
and at weaning may have been present, which could explain the group differences in immune 
response and growth performance.  
Although the results of the present study indicate that the fatty acid composition of the 
maternal diet plays a minor role in perinatal programming of the immunity of weaned piglets, 
it cannot be excluded that more extreme treatments can lead to relevant differences. It may be 
that the fatty acid concentrations in the maternal diets and subsequently, the differences in 
fatty acid composition in the piglet blood were too small to influence immunity through 
changes in membrane fluidity, cell signalling or eicosanoid production. Feeding higher 
amounts should be investigated. Furthermore, as even the palm oil diet was not completely 
deficient of n-3 PUFA, it may be suggested that no deficiency in n-6 and n-3 PUFA occurred 
in our study. One could hypothesise that eicosanoid production is not influenced by varying 
n-6/n-3 PUFA ratio, when adequate levels of both n-6 and n-3 PUFA are present.  
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To conclude, it can be stated that including n-3 PUFA in the maternal diet had no major 
effects on the selected immune parameters of the piglets after weaning, at the n-3 PUFA 
concentrations used in this study. Overall, the immune response seems more likely to be 
influenced by animal- and environment-related factors, than by the fatty acid composition of 
the maternal diet. 
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CHAPTER 3A 
INTRODUCTION 
 
 
The reproductive performance of the sow herd is without doubt one of the key factors 
determining the profitability of the pig industry. It is dependent on a complex interplay 
between management and sow biological factors, impacting on sow fertility, embryo survival, 
foetal development, and piglet delivery and survival (Henman, 2006; Whittemore, 1998). 
Over the last decades, genetic selection for enhanced sow prolificacy has resulted in an 
increase of litter size at birth. However, this has been associated with a higher incidence of 
peri- and post-natal mortality (Quiniou et al., 2002). Mortality of piglets is an important loss 
for the pig industry, as 10 to 20 % of the piglets die before weaning. In general, stillborn 
piglets account for 5 to 7% of total piglets born, with birth to weaning mortality accounting 
for a further 10 to 13% of total live born piglets (Herpin et al., 2002). Developing strategies 
which increase the number and survival of live born piglets, is not only of economical 
importance, but also beneficial for animal welfare.  
 
One strategy is to focus on sow nutrition, aiming at matching the maternal dietary 
composition with sow and piglet requirements. In this respect, over the last two decades, 
several studies have evaluated the effect of supplementing the gestation and lactation feed 
with polyunsaturated fatty acids (PUFA). This chapter briefly discusses some of the 
mechanisms through which PUFA may affect sow reproduction and piglet performance. 
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THE ROLE OF PUFA DURING GESTATION AND PARTURITION 
 
Polyunsaturated fatty acids can influence reproductive performance by incorporation into the 
cell membranes of the oocytes, by altering eicosanoid production, and by modulating the 
expression patterns of key enzymes involved in prostaglandin (PG) and steroid metabolism, 
which have multiple roles in the regulation of reproductive function (Wathes et al., 2007). 
However, the exact mechanisms of action are not known. Possibly, supplementation of the 
maternal diet with n-3 long chain (LC) PUFA can reduce prostaglandin secretion by the 
endometrium, and hence support the lifespan of the corpus luteum, an effect which could be 
beneficial for embryo survival (Leroy et al., 2008). Furthermore, also the number of follicles 
and oocytes, and the oocyte quality could be positively influenced by n-3 LC PUFA 
supplementation, as observed in ewes (Zeron et al., 2002). 
 
It has been suggested that LC PUFA may regulate gestation length and parturition by 
influencing eicosanoid production, however the exact mechanism of action remains also to be 
elucidated. Both PGE2 and PGF2α, 2-series prostaglandins derived from arachidonic acid 
(C20:4n-6, ARA), play a role in the initiation of labour, e.g. by inducing cervical ripening, 
myometrial contractions and membrane rupture (Challis et al., 2002; Olsen et al., 1992). 
However, both eicosapentaenoic acid (C20:5n-3, EPA) and docosahexaenoic acid (C22:6n-3, 
DHA) can decrease the synthesis of 2-series PG from ARA by competition at the level of the 
cyclooxygenase enzymes, or by incorporation into the membrane phospholipids at the 
expense of ARA (Allen and Harris, 2001). Therefore, it is assumed that adding EPA and/or 
DHA to the maternal diet can prolong gestation, by decreasing the concentration of 2-series 
PG and, consequently, delaying the initiation of labour. Another still unexamined role of n-3 
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LC PUFA, not related to eicosanoid synthesis, has been suggested in myometrial contraction, 
through direct effects on Ca
2+
 channels and cell signalling (Allen and Harris, 2001). 
 
PUFA AND PRE- AND POST-WEANING GROWTH AND DEVELOPMENT 
 
DHA is found at high concentrations in the retina and brain (about 10-20% and 8-10% of total 
fatty acids, respectively). Within these tissues, DHA is particularly abundant in the rod 
photoreceptors and in the gray matter, especially in the synaptic membranes. This high and 
specific tissue distribution indicates the important role of DHA in the membranes of these 
tissues. In addition, the LC PUFA content is more constant and better regulated in the brain 
and retina than in other tissues, further indicating the essentiality of these fatty acids in neural 
tissues (Lauritzen et al, 2001).  
 
The role of DHA in the retina is related to its structural function in the membrane bilayer. 
When activated by light, the photoreceptive molecule rhodopsin changes shape and occupies 
a greater volume within the membrane. The presence of DHA in the membrane facilitates this 
change in conformation as it can easily extend its lipid chain (Kurlak and Stephenson, 1999). 
The role of DHA in brain development is thought to be at the level of nerve growth and 
synaptogenesis. Furthermore, it can also affect the process of interaction between nerve cells 
and the speed of cell signal transduction (Innis, 2007; Kurlak and Stephenson, 1999). Hence, 
supplementing the maternal diet with n-3 LC PUFA may be warranted for improving 
cognitive development and visual acuity, particularly during late gestation, when the brain is 
undergoing rapid development („brain growth spurt‟), and requires large amounts of DHA 
(Leskanich and Noble, 1999). 
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Besides the essentiality of n-3 LC PUFA in relation to the development and function of the 
brain and retina, LC PUFA are also involved in growth. In humans, the ARA status is found 
to be positively correlated with first year growth in preterm infants (Carlson et al., 1993a). It 
is suggested that this association is mediated through an effect on eicosanoid metabolism. 
Competition between n-3 and n-6 PUFA pathways may mean that increased n-3 PUFA supply 
in the maternal diet may adversely affect the growth of the offspring (Lapillonne et al., 2003). 
 
Hence, from this chapter, it can be concluded that n-3 PUFA are indispensable fatty acids and 
have important functions in reproduction, and in growth and development of the offspring.  
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EFFECT OF N-3 POLYUNSATURATED FATTY ACIDS IN THE 
MATERNAL DIET ON SOW REPRODUCTION AND PIGLET 
PERFORMANCE - LITERATURE SURVEY 
 
ABSTRACT 
 
Good sow reproductive performance and piglet survival are essential for the profitability of 
the pig industry. Based on more basic research of fatty acid and endocrine metabolism, it has 
been suggested that dietary supplementation with n-3 polyunsaturated fatty acids (PUFA) 
could enhance reproductive outcome. However, proper requirements for these nutrients in 
sow diets have not been established. This chapter therefore reviewed the literature on the 
effect of n-3 PUFA in the maternal diet on sow reproduction and piglet performance. Few 
studies included biochemical analyses, e.g. eicosanoid concentrations or gene expression data, 
which could have elucidated any link between dietary n-3 PUFA supplementation and 
reproduction. Additionally, most studies used relatively low numbers of pigs, limiting the 
validity of the conclusions which can be drawn. Feeding n-3 PUFA to gilts before breeding 
does not affect the number of embryos. Most studies did not observe a significant effect of n-
3 PUFA in the maternal diet on total number of piglets born, live born or stillborn. However, 
low amounts of n-3 PUFA in the lactation diet may increase litter size in the subsequent 
gestation. Furthermore, n-3 PUFA seem to prolong gestation, although literature data are not 
consistent at this point. Most studies did not observe an effect of n-3 PUFA on piglet birth 
weight, whereas some positive effects on piglet vitality and pre- and post-weaning growth 
have been reported.  
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INTRODUCTION 
 
A literature search was performed in the Web of Science and PubMed using several 
combinations of the search terms sow, diet, polyunsaturated fatty acid, fatty acid, dietary fat, 
fish oil and linseed oil. From this search, peer-reviewed studies were identified that assessed 
the effect of at least one source of n-3 polyunsaturated fatty acids (PUFA) in the sow diet, at 
one or more concentrations. Studies using only a source of n-6 PUFA or conjugated linoleic 
acid were not considered. Effects were limited to sow reproductive outcome, parturition, 
piglet behaviour or piglet performance.  
A total of 29 studies were found suitable. Details of these studies regarding dietary treatment, 
duration of feeding and number and breed of the sows are given in Table 3.1. Different 
sources of fatty acids were used in these studies, each having a specific fatty acid profile. Lard 
(pig fat) and tallow (beef fat) contain high amounts of C16:0 and C18:1n-9, but almost no 
long chain (LC) PUFA (Smallwood, 1990). Coconut oil is rich in short and medium chain 
saturated fatty acids (SFA), such as C8:0, C10:0, C12:0 and C14:0 (Dubois et al., 2007). Palm 
oil is characterised by high amounts of C16:0 and C18:1n-9, olive oil by high amounts of 
C18:1n-9, and maize oil by C18:1n-9 and C18:2n-6 (Dubois et al., 2007). Both soybean oil 
and sunflower oil contain high amounts of C18:2n-6, but soybean oil is also known for its 
relatively high amount of C18:3n-3 (6-8%) (Dubois et al., 2007). Also rapeseed oil contains 
C18:3n-3 (±10%), besides high concentrations of C18:1n-9 and C18:2n-6 (Dubois et al., 
2007). The richest source of C18:3n-3 is linseed oil (50-70%; Deckelbaum and Torrejon, 
2012; Dubois et al., 2007). Fish oil is known for its high concentrations of C20:5n-3 (EPA) 
and C22:6n-3 (DHA), with considerable variation in the ratio EPA to DHA between different 
fish species (Kennedy et al., 2012). 
 
  
Table 3.1. Overview of the studies that examined the effects of supplementing the sow diet with n-3 polyunsaturated fatty acids on sow reproductive outcome, parturition, 
piglet behaviour and piglet performance 
Study Dietary treatment Time of feeding Number 
of sows 
Breed of sows 
Farnworth and Kramer, 1988 1) control (no fat added), 2) 4.7% soybean oil added, 
or 3) 5% tallow added 
From day 57 of gestation 35 gilts Yorkshire 
Arbuckle and Innis, 1993 1) 2.5% soybean + canola oil or 2) 4% soybean oil + 
1% fish oil 
4 days before partus until 15 days of 
lactation 
6 sows Yorkshire 
Fritsche et al., 1993b 1) 7% lard, 2) 3.5% lard + 3.5% fish oil, or 3) 7% 
fish oil 
Day 107 of gestation until weaning (28 
days) 
18 sows  Landrace x Duroc 
Perez Rigau et al., 1995 1) corn starch, 2) 4% coconut oil , 3) 4% soybean oil, 
or 4) 4% menhaden oil  
10 to 17 days after first standing heat until 
slaughter at day 37 to 45 after breeding 
86 gilts Duroc x Yorkshire 
Rooke et al., 1998 1) 3% soybean oil, or 2) 3% tuna oil  Day 90-94 of gestation until day 7 of 
lactation  
14 sows 
 
Large White x Landrace 
Rooke et al., 1999 1) 3% soybean oil, or 2) 3% tuna oil  From day 90-94 of gestation  12 sows Large White x Landrace 
Rooke et al., 2000 1) 1.75% maize oil, 2) 1.75% tuna oil, or 3) 1.75% 
maize oil (42%) and linseed oil (58%) (diet 2 and 3 
have same amount of n-3 FA) 
Gestation and lactation 
 
30 sows Large White x Landrace 
Rooke et al., 2001a 1) basal diet from day 63 until term, 2) tuna oil 
(1.75%) from day 63 to 91 and basal diet from day 
92 to term, or 3) basal diet from day 63 to 91 and 
tuna oil (1.75%) from day 92 to term 
Gestation 
 
 
24 sows  Large White x Landrace 
Rooke et al., 
2001b 
Current 
gestation 
1) control diet or 2) 1.65 % salmon oil Gestation and lactation (21-28 days) 196 sows Large White or Large 
White x Landrace 
Subsequent 
gestation 
commercial diet Gestation 
Rooke et al., 2001c 1) 0% salmon oil, 2) 0.5% salmon oil, 3) 1% salmon 
oil, or 4) 2% salmon oil. Each diet adjusted with 
palm oil to 2% total oil content. 
From day 60 of gestation 
 
 
24 sows  Large White x Landrace 
Bazinet et al., 2003a 1) control diet (base pig feed + 22.5 g/kg corn oil) or 
2) base pig feed + 2.5 g/kg tallow and 20 g/kg 
flaxseed oil 
From 8-10 days before partus until day 14 
of lactation 
16 sows Yorkshire-Landrace 
Lauridsen and Danielsen, 2004 1) control diet, 2) 8% animal fat, 3) 8% rapeseed oil, 
4) 8% fish oil, 5) 8% coconut oil, 6) 8% palm oil, or 
7) 8% sunflower oil 
Day 108 of gestation until weaning (28 
days) 
175 sows Danish Landrace x Danish 
Yorkshire 
Mitre et al., 2005 1) control, or 2) control + 32 g/day Shark-liver oil Day 80 of gestation until weaning (28 
days) 
24 sows Large White x Landrace 
  
Study Dietary treatment Time of feeding Number 
of sows 
Breed of sows 
Estienne et al., 2006 1) basal diet (corn and soybean meal), or 2) basal 
diet supplemented with 1% Fertilium (=n-3 source) 
35 days before breeding until 27 days after 
breeding 
48 gilts Duroc x Yorkshire or 
Duroc x Yorkshire x 
Landrace 
Lauridsen and Jensen, 2007 1) control diet, 2) 8% rapeseed oil, 3) 8% fish oil, 4) 
8% coconut oil, or 5) 8% sunflower oil 
Day 108 of gestation until weaning (28 
days) 
15 sows Danish Landrace x Danish 
Yorkshire 
Laws et al., 2007a 1) control diet or control diet + 10% extra energy 
from 2) extra pellets, 3) palm oil, 4) olive oil, 5) 
sunflower oil, or 6) fish oil 
day 1 to day 60 of gestation 48 sows 25% Meishan, 12.5% 
Duroc, 62.5% Large White 
x Landrace 
Laws et al., 2007b 1) control diet or control diet + 10% extra energy 
from 2) extra pellets, 3) palm oil, 4) olive oil, 5) 
sunflower oil, or 6) fish oil 
day 60 of gestation until term 48 sows 25% Meishan, 12.5% 
Duroc, 62.5% Large White 
x Landrace 
Corson et al., 2008 1) control diet or control diet + 10% extra energy 
from 2) extra pellets, 3) palm oil, 4) olive oil, 5) 
sunflower oil, or 6) fish oil 
day 1 to day 60 of gestation or  
day 60 of gestation until term 
88 sows 25% Meishan, 12.5% 
Duroc, 62.5% Large White 
x Landrace 
Boudry et al., 2009 1) 5% lard or 2) 2% lard + 3% linseed oil Day 28 of gestation until weaning 16 sows Large White x Landrace 
Brazle et al., 2009 Exp 1: 1) Control (corn-soybean meal diet), 2) 
3.75% ground flaxseed, or 3) 1.5% protected fish oil 
source and Exp 2: 1) Control (corn-soybean meal 
diet) or 2) 1.5% protected fish oil source 
Exp 1: 30 days before breeding until day 
40 to 43 of gestation. 
Exp 2: 30 days before breeding until day 
11, 15 or 19 of gestation 
Exp 1: 24 
gilts 
Exp 2: 26 
gilts 
Exp 1: PIC C22 x 280 
Exp 2: PIC 327MQ x 1050 
Gunnarsson et al., 2009 1) conventional feed, 3% fat, 2) 6% fat, saturated 
fatty acids, 3) 6% fat, oats (n-6 PUFA), or 4) 6% fat, 
1% linseed oil 
Gestation and lactation 27 sows Yorkshire 
Laws et al., 2009 1) control diet or control diet + 10% extra energy 
from 2) extra pellets, 3) palm oil, 4) olive oil, 5) 
sunflower oil, or 6) fish oil 
day 1 to day 60 of gestation or day 60 of 
gestation until term 
88 sows 25% Meishan, 12.5% 
Duroc, 62.5% Large White 
x Landrace 
Mateo et al., 
2009 
Parity 1 1) corn/soybean meal diet, 2) high-protein diet, 3) 
control + 0.2% n-3 FA, or 4) high-protein diet + 
0.2% n-3 FA 
From day 60 of gestation to day 21 of 
lactation 
 
64 gilts 
 
 
Camborough 22 
Parity 2 1) corn/soybean meal diet, or 2) control + 0.2% n-3 
FA 
From day 60 of gestation to day 21 of 
lactation 
25 sows Camborough 22 
Papadopoulos et al., 2009 1) 2% fish oil from d 111 of gestation, 2) 2% fish oil 
from d 107 of gestation, 3) sunflower oil (1.5% + 
0.5% soybean oil) from d 111 of gestation, or 4) 
sunflower oil (1.5% + 0.5% soybean oil) from d 107 
of gestation 
Day 107 or 111 of gestation until weaning 
(21 days) 
72 sows Dutch Landrace x Great 
York 
  
Study Dietary treatment Time of feeding Number 
of sows 
Breed of sows 
De Quelen et al., 2010 1) diet with lard (1.5% in gestation; 5.5% in 
lactation), or 2) diet with linseed oil (1.5% in 
gestation; 5.5% in lactation) 
Day 28 of gestation until weaning (28 
days) 
20 sows Large White x Landrace 
Farmer et al., 2010 1) control diet, 2) 10% flaxseed, 3)  6.5% flaxseed 
meal, or 4) 3.5% flaxseed oil 
Day 63 of gestation until weaning (21 
days) 
60 sows Yorkshire x Landrace 
Cools et al., 2011 1) 4% lard, 2) 3% lard and 1% fish oil, 3) 2% lard 
and 2% fish oil, 4) 1% lard and 3% fish oil, or 5) 4% 
fish oil  
Day 110 of gestation until day 3 of 
lactation 
52 sows Rattlerow Seghers hybrids 
Leonard et al., 2011 1) basal lactation diet, 2) basal lactation diet and 100 
g/day fish oil, 3) basal lactation diet and 1.8 g/day 
seaweed extract, or 4) basal lactation diet and 100 
g/day fish oil and 1.8 g/day SWE 
From day 109 of gestation until weaning 
(24 days) 
40 sows Large White x Landrace 
Smits et al., 
2011 
Current 
gestation 
1) control, or 2) 0.33% salmon oil 
 
Day 107 of gestation until weaning (18.7 
days)  
328 sows Large White x Landrace 
Subsequent 
gestation 
Commercial diet Gestation  
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EFFECT OF DIETARY N-3 PUFA ON SOW REPRODUCTIVE PERFORMANCE 
 
Effect on embryo development 
Four studies were found that reported on the effect of n-3 PUFA in the diet of gilts on embryo 
and foetus development. Three of these studies started to feed the experimental diets before 
breeding (Brazle et al., 2009: 30 days before breeding; Estienne et al., 2006: 35 days before 
breeding; Perez Rigau et al., 1995: 10-17 days after first standing heat), whereas the fourth 
study started to feed the diets from day 57 of gestation (Farnworth and Kramer, 1988). Brazle 
et al. (2009) observed no effect of fish oil in the diet of gilts on the number of embryos, 
embryo development, embryo diameter and crown-to-rump length on day 11 to 19 of 
gestation. Similarly, no effect of n-3 LC PUFA in the gilt diet was found on the number of 
corpus lutea, number of (live) embryos, embryo weight, and crown-to-rump length on day 27 
of gestation (Estienne et al., 2006) and day 37 to 45 of gestation (Perez Rigau et al., 1995). 
Estienne et al. (2006) observed no effect on embryo survival, but Perez Rigau et al. (1995) 
found a tendency towards higher foetal survival following a menhaden oil diet, although this 
higher foetal survival could not be confirmed in additional trials in this study.  
Farnworth and Kramer (1988) fed the gilts either a control diet (no fat added), or a diet with 
4.7% soybean oil or 5% tallow added, from mid gestation. Foeti were sampled after 28 and 53 
days supplementation (on day 85 and 110 of gestation). No effect of diet was found on the 
number of foeti or foetal body weights. In addition, no effect on foetal organ weights (heart, 
liver, lungs, kidneys) was noticed. However, the lack of effect on number of foeti in this study 
might not be surprising, as litter size in the pig is determined by ovulation rate and prenatal 
death, which mainly occurs before day 30 of pregnancy (Edwards et al., 2012), and is not 
likely to be influenced by diets in mid gestation.  
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Effect on total number of piglets born, live born and stillborn 
Of the twelve studies reporting on total litter size, ten studies did not find an effect of fatty 
acid composition of the maternal diet (Table 3.2). However, Corson et al. (2008) observed a 
lower number of piglets born (both total and live) for sows fed a sunflower oil diet (rich in 
C18:2n-6) from early to mid gestation, compared to sows fed a diet containing palm oil. 
Rooke et al. (2001c) also reported a reduction in litter size, when sows were fed diets with 
increasing amounts of salmon oil (0 to 2%) from day 60 of gestation. The reason for this 
decreased litter size was unclear, as supplementation began after day 30 of gestation. 
Furthermore, none of the studies found an effect of PUFA in the maternal diet on number of 
live born and stillborn piglets (except for live born piglets in the study of Corson et al. (2008), 
as mentioned above). Mateo et al. (2009) investigated the effect of longer term 
supplementation. In this study, sows were fed either a control diet or a diet rich in n-3 LC 
PUFA for two subsequent gestations (both from day 60 of gestation until weaning), but no 
effect on number of total born, live born or stillborn piglets was observed.  
 
Effect on gestation length 
Seven studies were found to report on the effect of fatty acid composition of the maternal diet 
on gestation length (Table 3.2). Two studies found an increase in gestation length when 
linseed oil (Boudry et al., 2009) or fish oil (Rooke et al., 2001b) were fed to the sows, while 
the other studies observed no effect. A reason for the lack of effect in most studies may be 
that PUFA supplementation did not produce significant changes in the concentrations of 
eicosanoids, either because the concentration of PUFA in the maternal diet was too low or 
supplementation was too short to induce such changes. However, this remains only a 
suggestion, as none of the studies measured eicosanoid concentrations, especially the 
concentration of PGE2 and PGF2α. 
  
 
 
Table 3.2. Effects of PUFA supplementation of the maternal diet on sow reproductive performance 
Study Gestation length Total born piglets Live born piglets Stillborn piglets Comments 
Fritsche et al., 1993b   =   
Rooke et al., 1998 Induced farrowing day 113 =    
Rooke et al., 1999 Induced farrowing day 113 =    
Rooke et al., 2000 Induced farrowing day 113  =   
Rooke et al., 2001a Induced farrowing day 113  =   
Rooke et al., 2001b Fish oil > control = =  Current gestation 
 =   Subsequent gestation 
Rooke et al., 2001c Induced farrowing day 113 Decreases with increasing 
salmon oil 
   
Lauridsen and Danielsen, 2004   = =  
Laws et al., 2007a = = palm oil > control =  
Laws et al., 2007b = = = =  
Corson et al., 2008 = palm oil > sunflower oil palm oil > sunflower oil  Only in G1* 
Boudry et al., 2009 Linseed oil > Lard  = =  
Gunnarsson et al., 2009  =    
Mateo et al., 2009  = = = Parity 1 
 = = = Parity 2 
De Quelen et al., 2010 = =    
Farmer et al., 2010   = =  
Cools et al., 2011 = = = =  
Leonard et al., 2011   =   
Smits et al., 2011  =   Current gestation 
 Fish oil > control Fish oil > control  Subsequent gestation 
* diets fed from day 1 to 60 of gestation 
=: no significant differences between diets 
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Effect on reproductive outcome in the subsequent gestation 
As follicle development already occurs during lactation of the previous litter (Soede et al., 
2011), one can hypothesise that feeding n-3 PUFA until weaning may affect the reproductive 
outcome in the subsequent gestation. Smits et al. (2011) fed sows either a control diet or a diet 
supplemented with 0.33% salmon oil from day 107 of gestation and during lactation. In the 
subsequent gestation, sows were fed a commercial gestation diet. Although no effect of diet 
on total litter size was observed in the first gestation, a higher number of total piglets born and 
live born were noticed in the subsequent gestation when salmon oil was fed to the sows 
during the previous gestation and lactation. However, this is not consistent with the findings 
of Rooke et al. (2001b), who fed sows either a control diet or a diet supplemented with 1.65% 
salmon oil throughout entire gestation and lactation. Despite feeding higher amounts of 
salmon oil for a longer period, this study found no effect on total litter size in the subsequent 
gestation.  
 
Overall, it can be concluded from these studies that feeding n-3 PUFA to gilts before breeding 
does not seem to affect the number of embryos or embryo development and that feeding n-3 
PUFA to sows during gestation does not seem to influence the number of total born, live born 
or stillborn piglets. Feeding n-3 PUFA during lactation might increase the litter size in the 
subsequent gestation, but results are not consistent and further research is needed. 
Furthermore, n-3 PUFA in the gestation diet may result in prolonged gestation, although this 
is not detected in all studies.  
Further studies are required which focus on the underlying mechanisms, such as altering 
plasma eicosanoid concentrations, by which supplementation with n-3 PUFA affects 
reproduction. In addition, more dose-response studies are needed to determine the optimal 
concentration of supplementary n-3 PUFA. It can be hypothesised that optimal responses on 
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reproduction can only be achieved at specific doses, and that a higher supply of n-3 PUFA 
does not necessarily result in a better reproductive outcome.  
 
EFFECT OF DIETARY N-3 PUFA ON PIGLET PERFORMANCE 
 
Effect on piglet vitality and behaviour 
Increasing the amount of n-3 LC PUFA in the maternal diet can increase the n-3 LC PUFA 
concentration in the piglet brain, which may influence piglet behaviour. Piglets born from 
sows that were fed diets containing tuna oil during late gestation tended to contact the udder 
and significantly grasp a teat earlier than piglets born from sows fed tuna oil during mid 
gestation followed by a basal diet until term, or piglets born from sows fed a basal diet 
throughout gestation (Rooke et al., 2001a). No differences between diets in time taken by the 
piglet to begin breathing and to stand were noticed. This improved piglet vitality might be 
related to the higher DHA concentration observed in the brain of these piglets. On the 
contrary, although feeding tuna oil to sows during late gestation also increased the DHA 
concentration in the piglet brain in the study of Rooke et al. (1998), these authors observed a 
lower viability score (based on heart rate at birth, onset of respiration and standing time) for 
these piglets compared to piglets from sows fed a soybean oil diet.  
 
Gunnarsson et al. (2009) examined the effect of PUFA in the maternal diet on piglet cognitive 
development via behavioural tests. This study compared diets high in saturated fatty acids 
(SFA), n-6 PUFA (from oats) or n-3 PUFA (from linseed oil). Although the linseed oil diet 
increased the DHA content of the piglet brain, no clear effect of sow diet on piglet behaviour 
was observed. The diet rich in SFA increased the piglets‟ recognition of the mother‟s faeces 
in a T-maze compared with the n-6 and n-3 PUFA rich diets, however only in third parity 
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sows. Furthermore, piglets from sows fed the SFA diet had the shortest latency before making 
escape attempts in an immobility test, whereas piglets from sows fed the n-6 PUFA diet had 
the longest latency. No differences between diets in number of screams in the immobility test 
or in time taken to solve a spatial task by finding a hidden door were observed. It would be 
interesting to examine whether a direct dietary supply of DHA would result in a larger brain 
DHA content and concomitant behavioural response. 
 
Effect on pre-weaning growth 
Twenty-five studies were found that reported on the effects of n-3 PUFA in the sow diet on 
piglet pre-weaning growth and performance (Table 3.3). Of the 19 studies that examined 
effects on piglet birth weight, only five showed significant differences between diets. Both the 
studies of Laws et al. (2007b) and Rooke et al. (2001b) demonstrated a lower piglet birth 
weight following fish oil supplementation, which is in line with the expectations as increases 
in n-3 PUFA intake decrease the concentration of ARA in the piglet tissues (Rooke et al., 
2001b). However, other studies have shown a decrease in piglet ARA concentration without 
affecting piglet birth weight (Boudry et al., 2009; Rooke et al., 1998, 1999, 2000, 2001a), and  
Rooke et al. (2001c) even reported a tendency towards increased piglet birth weight with 
increasing amounts of fish oil in the sow diet. None of the eight studies which examined total 
litter weight at birth, observed any significant effect of maternal supplementation with n-3 
PUFA (Table 3.3). 
  
Table 3.3. Effects of PUFA supplementation of the maternal diet on piglet pre-weaning performance 
Study Age 
weaning 
(days) 
Piglet weight Litter weight Piglet weight gain birth-
weaning 
Comments 
Birth Day 7 Day 14 Weaning Birth Weaning 
Arbuckle and Innis, 1993    =      
Fritsche et al., 1993b 28 =   =     
Rooke et al., 1998  =    =    
Rooke et al., 1999  =        
Rooke et al., 2000 28 =   =     
Rooke et al., 2001a 28 = = = BT > BB and 
TB 
   BB: basal diet; BT: tuna 
oil from day 92 to term; 
TB: tuna oil from day 
63 to day 91 
Rooke et al., 2001b 21-28 Control > 
salmon oil 
    = 
 
  
Rooke et al., 2001c  Increase with 
increasing 
salmon oil 
(trend) 
   =    
Bazinet et al., 2003a    =      
Lauridsen and Danielsen, 
2004 
28       Increased when adding 
8% fat to the sows‟ diet, 
compared to control diet, 
except for fish oil and 
rapeseed oil 
 
Mitre et al., 2005 28 SLO > control   SLO > 
control 
  SLO > control SLO:shark-liver oil 
Lauridsen and Jensen, 
2007 
28       =  
Laws et al., 2007a 21 Palm oil: 
heaviest; Extra 
pellets: lightest 
Fish oil > 
Sunflower 
oil 
Fish oil > 
Sunflower 
oil and 
Control 
Fish oil > 
Sunflower oil 
and Control 
Palm oil > 
Control 
 Fish oil: highest  
  
Study Age 
weaning 
(days) 
Piglet weight Litter weight Piglet weight gain birth-
weaning 
Comments 
Birth Day 7 Day 14 Weaning Birth Weaning 
Laws et al., 2007b 21 Extra pellets > 
Olive oil, 
Sunflower oil 
and Fish oil; 
Palm oil > 
Olive oil and 
Sunflower oil 
Extra 
pellets > 
Olive oil 
and 
Sunflower 
oil 
Extra 
pellets > 
Olive oil 
and 
Sunflower 
oil 
Extra pellets 
and Palm oil 
> Sunflower 
oil 
=  =  
Corson et al., 2008      Palm oil > 
Sunflower 
oil 
  Only in G1 (day 1 to 
day 60 of gestation) 
 
Boudry et al., 2009 28 =      =  
Gunnarsson et al., 2009  =        
Laws et al., 2009 21    Fish oil in G1 
and Extra 
pellets in G2 
> Sunflower 
oil in G2 
   G1: day 1 to day 60 of 
gestation 
G2: day 60 to term 
Mateo et al., 2009 21 =   n-3 diet > 
control and 
high protein 
n-3 diet 
= n-3 diet > 
control and 
high 
protein n-3 
diet 
n-3 diet > control and 
high protein n-3 diet 
Parity 1 
21 =   = = = = Parity 2 
Papadopoulos et al., 2009 21 = = = = = = = Only fish oil effects are 
discussed 
De Quelen et al., 2010 28 =      =  
Farmer et al., 2010 21 = = = =     
Cools et al., 2011 26 =   Decreased 
with 
increasing 
fish oil in diet 
  =  
Leonard et al., 2011 26 =   = =  = Only fish oil effects are 
discussed 
Smits et al., 2011 18.7 =     = =  
=: no significant differences between diets. 
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Seventeen studies were found to report on the effects of n-3 PUFA in maternal diet on piglet 
growth until weaning and piglet weaning weight. In twelve of these studies, sows were fed the 
experimental diets during both gestation and lactation, whereas in one study the diet was only 
fed until day 3 of lactation (Cools et al., 2011), and in four studies, the diets were not fed 
during lactation (Laws et al., 2007a, 2007b, 2009; Rooke et al., 2001a). In the studies that did 
not feed the experimental diets during lactation, adding fish oil to the sow diet from early to 
mid gestation (day 1 to day 60; Laws et al., 2007a) increased piglet pre-weaning growth and 
weaning weight, but no effect on growth was found when fish oil was fed from mid to late 
gestation (day 60 to term; Laws et al., 2007b). Fatty acid concentration of the piglet tissues 
was not measured in these studies, but one can hypothesise that piglets from sows fed fish oil 
during early gestation benefit from an improved n-3 PUFA status, without suffering from the 
negative effects on growth associated with reduced ARA status. This was also the hypothesis 
in the study of Rooke et al. (2001a), who fed tuna oil to the sows during either mid or late 
gestation. Indeed, they observed that tuna oil fed during late gestation resulted in a lower 
ARA concentration in the piglet carcass and liver, compared with tuna oil fed during mid 
gestation. In the piglet brain and retina however, the opposite was observed, as the decrease in 
ARA concentration was more pronounced for the piglets from the sows fed tuna oil during 
mid gestation, compared with late gestation. Furthermore, the weaning weights of the piglets 
from sows fed tuna oil during late gestation were higher. Therefore, the hypothesis that better 
piglet growth can be achieved by including n-3 PUFA in the maternal diet during early 
gestation instead of late gestation, cannot be maintained based on the literature available. 
 
Inconsistent results were also observed in the studies where the sows were fed the 
experimental diets not only during gestation, but also during lactation. Higher weaning 
weights were observed in the study of Mitre et al. (2005) for piglets from sows fed shark-liver 
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oil from late gestation, and in the study of Mateo et al. (2009) for piglets from gilts fed a 
small amount of n-3 LC PUFA from mid gestation, although for the latter study, this was not 
confirmed in the second parity. However, other studies observed no effect on piglet pre-
weaning growth when diets rich in n-3 PUFA were fed to sows starting either from early or 
mid lactation (Boudry et al., 2009; De Quelen et al., 2010; Farmer et al., 2010; Rooke et al., 
2000) or from late lactation (Fritsche et al., 1993b; Lauridsen and Danielsen, 2004; Lauridsen 
and Jensen, 2007; Leonard et al., 2011; Papadopoulos et al., 2009; Smits et al., 2011).  
Even more contradictory results were observed in the study of Cools et al. (2011), where a 
decrease in piglet weaning weight was observed with increasing amounts of fish oil (0 to 4%) 
in the sow diet. Furthermore, this increasing amount of fish oil resulted in a higher pre-
weaning mortality rate (7.4 to 18.4%). However, n-3 PUFA in the maternal diet reduced pre-
weaning mortality rate in the studies of Rooke et al. (2001b) (10.2 vs. 11.7%, for piglets from 
sows fed 1.65% salmon oil vs. control diet) and Farmer et al. (2010) (21.5 vs. 27.1%, for 
piglets from sows fed different forms of flaxseed vs. control diet). To the contrary, no effect 
on pre-weaning mortality was observed in first and second parity sows fed 0.2% n-3 LC 
PUFA from mid gestation (Mateo et al., 2009).  
 
Effect on post-weaning growth 
Five studies examined if supplementation of the maternal diet with n-3 PUFA had lasting 
effects on the growth of the offspring later in life. Feeding 1.75% tuna oil to the sows during 
either mid or late gestation, resulted in higher pig weights at the age of 35 days (7 days post-
weaning) compared to sows fed a control diet (Rooke et al., 2001a). Pig weight at the age of 
35 days was also higher when sows were fed diets with 1.75% maize oil or 1.75% tuna oil 
during lactation compared to a diet containing 1.75% of maize oil plus linseed oil (Rooke et 
al., 2000). However, this increase in pig weight was not observed when these diets were fed 
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only during gestation. Feeding flaxseed, flaxseed meal or flaxseed oil to sows did not affect 
piglet body weight at 28 days of age (7 days post-weaning), but an increase in body weight at 
the age of 56 days (35 days post-weaning) was observed for pigs from sows fed flaxseed meal 
compared to flaxseed or flaxseed oil (Farmer et al., 2010). No effect of maternal diet was 
observed on piglet weight gain from weaning until 21 days post-weaning (Lauridsen and 
Jensen, 2007) or on piglet growth rate from birth until commercial endpoint (80 kg; Laws et 
al., 2009). 
 
Overall, the results of the studies reporting on piglet performance following n-3 PUFA 
supplementation of the maternal diet are inconsistent. Few studies have examined the effects 
on piglet vitality and behaviour. There are indications that n-3 PUFA in the maternal diet 
could have a positive influence on piglet vitality and behaviour, but in order to draw clear 
conclusions, more studies need to be performed. In particular, studies that examine the 
behaviour of larger numbers of piglets are lacking. The majority of the studies did not observe 
an effect of n-3 PUFA in the maternal diet on piglet birth weight, despite the decrease in ARA 
concentration observed in some studies. Furthermore, pre-weaning growth could be positively 
influenced by n-3 PUFA in the maternal diet, but more studies need to be performed. Finally, 
some residual effects of maternal diet on piglet growth post-weaning may occur, however, it 
is unlikely that these effects will remain until slaughter. 
 
From this literature survey, we can conclude that although it is known that n-3 PUFA are 
essential components in the neural tissues and affect eicosanoid production, and although 
mechanisms are known by which eicosanoids can influence reproduction, the direct link 
between n-3 PUFA and reproduction is lacking. Furthermore, it should be noted that most 
studies only used relatively small numbers of observations, hence more studies using higher 
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numbers of animals are needed. The majority of the studies did not find an effect of n-3 
PUFA in the maternal diet on total number of piglets born, live born or stillborn. However, 
there are indications that fish oil in the lactation diet could increase litter size in the 
subsequent gestation. Furthermore, some positive effects on piglet vitality and pre- and post-
weaning growth were observed. Nevertheless, no clear effects on sow reproductive 
performance were observed.  
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CHAPTER 3C 
DIFFERENTIAL EFFECTS OF LINSEED OIL AND FISH OIL IN THE 
MATERNAL DIET ON REPRODUCTIVE PERFORMANCE AND 
PIGLET PRE-WEANING GROWTH  
 
ABSTRACT 
 
Perinatal mortality of piglets means a serious loss for the pig industry. Therefore, finding 
strategies to decrease stillbirths and increase piglet vitality is crucial. Supplementing the 
gestation and lactation diets with n-3 polyunsaturated fatty acids (PUFA), and especially 
docosahexaenoic acid (DHA), can be beneficial, as these PUFA are essential for the 
development of the foetus. DHA can be directly supplied from the maternal diet through 
addition of fish oil, or it may result from the conversion of dietary precursors such as α-
linolenic acid (ALA), e.g. by addition of linseed oil. Until now, studies assessing the effects 
of n-3 PUFA on sow reproduction give equivocal results. Therefore, this study aimed to 
examine the effects of linseed oil and fish oil in the maternal diet of a large number of sows 
(734 sows in total) on their reproductive performance in the current and subsequent gestation. 
Furthermore, the effect of diet on piglet weight, vitality, and farrowing process was analysed. 
From day 45 of gestation and during lactation, sows were fed a palm oil diet or one of six n-3 
PUFA diets, each containing different concentrations (0.5, 1 or 2%) of linseed oil or fish oil 
or their combination. Sows fed linseed oil had 0.9 more live born piglets (P = 0.02) and 0.5 
more weaned piglets (P = 0.02) compared to fish oil fed sows. In the subsequent gestation, 
linseed oil fed sows had 1.3 and 1.5 more live born piglets compared to sows fed fish oil (P = 
0.006) or palm oil (P < 0.001), respectively. No effect of diet was observed on piglet birth 
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weight and litter weight, but linseed oil supplementation resulted in a higher piglet weight and 
litter weight at 5 days of age, compared to piglets from sows fed fish oil (P = 0.04 and P = 
0.02, respectively) or palm oil (P = 0.02 and P = 0.002, respectively). Adding n-3 PUFA to 
the maternal diet had no effect on piglet vitality, but it increased the duration of farrowing (P 
= 0.05).  
 
INTRODUCTION 
 
Perinatal mortality of piglets means a serious loss for the pig industry, as 10 to 20 % of the 
piglets die before weaning. One of the main causes of pre-weaning mortality is perinatal 
hypothermia due to delayed suckling (Herpin et al., 2002). Therefore, finding ways to 
improve piglet vitality, e.g. by accelerating the process of standing up and reaching the udder, 
is essential to ensure a fast intake of colostrum and increase chances on survival.  
Recently, attention is given to the supplementation of the gestation feed with polyunsaturated 
fatty acids (PUFA). PUFA are essential for the growth and development of the foetus (Innis, 
1991) and as such, they may have a positive influence on the reproductive outcome. 
Particularly the n-3 long chain (LC) PUFA docosahexaenoic acid (C22:6n-3, DHA) and 
eicosapentaenoic acid (C20:5n-3, EPA) are important. DHA is a structural component of the 
membrane phospholipids and present in high concentrations in the brain and retina (Stillwell 
and Wassall, 2003), whereas EPA is a precursor fatty acid for eicosanoids and hence essential 
for the immune system (Calder, 2009). EPA and DHA can reach the foetus either directly 
through placental transfer, by supplementing the sow diet with e.g. fish oil, or it may result 
from the conversion of precursor fatty acids, by supplementing the sow diet with e.g. linseed 
oil, which is a source of the precursor fatty acid α-linolenic acid (C18:3n-3, ALA). 
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Although several studies have examined the effects of fish oil or linseed oil supplementation 
of the gestation and lactation diet on sow reproductive performance, results have been 
inconsistent, probably in many cases because of the limited number of sows used. To our 
knowledge, only two studies used large numbers of sows to examine the effect of fish oil on 
sow and piglet performance (Rooke et al., 2001b (196 sows); Smits et al., 2011 (328 sows)). 
However, both studies differed considerably in the duration of supplementation and the 
amount of fish oil supplemented (16.5 g salmon oil per kg diet, fed from immediately post 
service until weaning (Rooke et al., 2001b) vs. 3.3 g salmon oil per kg diet, fed from day 107 
of gestation until weaning (Smits et al., 2011)). Furthermore, no large scale studies using 
linseed oil supplementation have been performed. In addition, one can hypothesise that 
supplementing n-3 PUFA to the lactation feed of the sow may affect conceptus development 
and sow productivity in the subsequent gestation.  
Therefore, the objectives of this study were to examine the effects of n-3 PUFA 
supplementation of the gestation and lactation diets of a large number of sows on their 
reproductive performance during both the current and the subsequent cycle, using different 
concentrations and combinations of linseed oil and fish oil. The concentrations and 
combinations were chosen after consultation of several feed companies, in order to closely 
relate with current practice and to be economically feasible. Furthermore, the effects on the 
farrowing process, piglet vitality, and piglet weights until weaning were assessed.  
Supplementation of the gestation diet with fish oil has already been shown to decrease piglet 
birth weight (Rooke et al., 2001b), probably due to a decrease in arachidonic acid (C20:4n-6, 
ARA) (Carlson et al., 1993a). Indeed, high levels of n-3 PUFA are known to inhibit the 
formation of n-6 PUFA from linoleic acid (C18:2n-6, LA), due to the competition for the Δ6-
desaturase enzyme and preference of this enzyme for n-3 over n-6 PUFA (Kurlak and 
Stephenson, 1999). Therefore, in contrast to most other studies, the level of LA was kept 
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constant in the diets to ensure an equal and sufficient supply of n-6 PUFA, in order to 
counteract this negative effect of n-3 PUFA supplementation. 
 
MATERIALS AND METHODS 
 
Animals and diets 
The trials were conducted on two farms of Danis NV in Belgium from January 2007 until 
November 2008, and were approved by the Ethical Committee of the Faculty of Veterinary 
Sciences and Bioscience Engineering of Ghent University (approval numbers EC 2006/119, 
EC 2007/062 and EC 2008/061).  
Ten groups of sows (50% Landrace × 50% Large White; 734 sows in total, 47 to 91 sows per 
group; parity 1 to 12) were used in the experiment (five groups per farm). The farms practiced 
a 3-week or a 4-week batch production system and each group of sows represented one batch. 
The sows were inseminated with Piétrain pig semen and were fed a standard commercial 
gestation diet until day 45 of gestation. Afterwards, the sows were fed one of seven 
experimental diets: (1) a palm oil diet (PO); or a diet including (2) 0.5% linseed oil (0.5% 
LO); (3) 2% linseed oil (2% LO); (4) 0.5% fish oil (0.5% FO); (5) 0.5% linseed oil and 0.5% 
fish oil (0.5% LO + 0.5% FO); (6) 0.5% linseed oil and 1% fish oil (0.5% LO + 1% FO); and 
(7) 2% fish oil (2% FO). Fish oil was obtained from INVE België NV (Baasrode, Belgium). 
Linseed oil and fish oil were included in the diet by replacement of palm oil. Four groups of 
sows (two groups per farm) were assigned to the PO diet and the other six groups were each 
allocated to one of the other experimental diets (0.5% LO, 2% LO and 0.5% LO + 1% FO on 
farm 1; 0.5% FO, 2% FO and 0.5% LO + 0.5% FO on farm 2; Table 3.4). To avoid a possible 
management bias, the farmers were not informed on the allocation of the experimental diets to 
the sow groups.  
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Table 3.4. Parity distribution and mean parity of the sows of the 10 dietary groups 
Dietary group Farm Number of sows Mean 
parity 
SD 
  Total Parity 1 Parity 2 Parity 3 Parity ≥ 4 
PO 1 84 11 13 2 58 4.87 2.69 
PO 1 91 24 15 11 41 4.04 2.92 
PO 2 64 14 12 4 34 3.88 2.48 
PO 2 80 14 12 5 49 4.98 3.19 
0.5% LO 1 47 23 7 4 13 2.79 2.56 
2% LO 1 84 10 3 6 65 4.93 2.31 
0.5% FO 2 70 11 12 9 38 4.36 2.68 
0.5% LO + 0.5% FO 2 76 3 8 10 55 5.51 2.70 
0.5% LO + 1% FO 1 71 20 10 6 35 4.03 2.78 
2% FO 2 67 21 7 16 23 3.33 2.32 
Total  734 151 99 73 411 4.36 2.77 
PO = palm oil diet; LO = linseed oil; FO = fish oil. 
 
The sows were housed in individual pens and were fed the diets from day 45 of gestation by 
dump feeder, to meet their daily requirements. One week before the expected farrowing date, 
the sows were transferred to the partly slatted farrowing house, with 10 farrowing crates per 
compartment. The sows then received 2.5 kg/day of the lactation diet until farrowing. After 
farrowing, feed allowance was increased from 2 kg/day by approximately 1 kg/day until ad 
libitum feed intake was reached. The sows were subsequently offered feed according to 
appetite. All gestation and lactation diets were formulated to contain a similar amount of LA 
(13 g/kg diet) by regulating the level of soy oil in the diet and were iso-energetic. All diets 
were supplemented with the antioxidant α-tocopherol acetate (150 mg/kg diet) and organic 
selenium (0.4 mg/kg diet; Sel-Plex, Alltech Inc., Nicholasville, KY, USA). The ingredients, 
oil inclusion, nutrient composition and fatty acid profile of the gestation and lactation diets 
are given in appendix (Table A.1, Table A.2 and Table A.3). 
 
Farrowing and piglets 
Farrowing was not induced and there was minimal intervention during farrowing. Gestation 
length was calculated as the difference between the insemination and farrowing date. Sows 
were inseminated twice and the recorded insemination date was the date of the first 
insemination. For each litter, the total number of piglets born alive, dead and mummified 
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were recorded by the farmers. Cross-fostering of piglets was allowed, but only within 
experimental treatments. At weaning, the number of weaned piglets per litter was recorded by 
the farmers.  
Within each group, twelve sows with parities 1 to 3 were selected, except for the 0.5% LO + 
1% FO diet (ten sows) and the 0.5% LO diet and the 0.5% FO diet (eleven sows each). One 
sow on the PO diet aborted, resulting in 115 sows in total. The birth weight of each piglet 
(both live born and stillborn) of these selected sows was recorded within 7 h after birth. The 
piglets of the selected sows were again weighed five days after the expected farrowing date 
and at weaning. The mean piglet weight per litter and total litter weight were calculated for 
each sow for all three weightings. As not all farrowings could be attended, the birth weights 
of two litters were missing. The piglet weights five days after expected farrowing were 
recorded for 104 litters, as nine litters were born more than five days after the expected 
farrowing date, and two sows died shortly after farrowing. At weaning, the piglet weights of 
all 113 litters were recorded. 
Cameras (Videowatch, 1/3 inch ccd, fujinon zoom lens type YV2.6X3B-SA2L, diaphragm 
1:1.3, focal length 3-8 mm) were installed in the farrowing crates to monitor the birth process 
without interfering the sows. Afterwards, video recordings were viewed and for each piglet, 
time of birth, first attempt to stand up, and reaching the udder and successfully grasping a teat 
were recorded. From these parameters, the time interval between birth and first attempt to 
stand up (birth-standing), the time interval between birth and udder reaching (birth-udder 
reaching), and the time interval between two subsequent births (birth-interval) were calculated 
for each piglet. For each litter, the total duration of farrowing was calculated as the time 
interval between the birth of the first and last piglet.  
The farrowings of 40 sows were monitored, 17 sows on the PO diet, 18 sows on the 0.5% LO 
+ 0.5% FO diet and five sows on the 0.5% LO + 1% FO diet. In total, 552 piglets were born 
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from these sows (227 piglets from sows on PO diet, 242 piglets from sows on the 0.5% LO + 
0.5% FO diet and 83 piglets from sows on the 0.5% LO + 1% FO diet). It was not possible to 
track all piglets, as visibility was sometimes negatively influenced by sows standing up. In 
total, the birth-standing interval could be calculated for 467 piglets, the birth-udder reaching 
interval for 368 piglets and the interval between two subsequent births for 445 piglets. The 
duration of farrowing could be calculated for 30 sows (10 sows on PO diet, 16 sows on the 
0.5% LO + 0.5% FO diet and 4 sows on the 0.5% LO + 1% FO diet). 
 
Reproductive performance in the subsequent gestation 
After weaning, sows were inseminated on their first observed post-weaning oestrus and were 
subsequently fed a commercial gestation diet containing no linseed oil or fish oil. Farmers 
were asked to record the total number of piglets born and live born piglets. In total, data from 
507 sows was obtained.  
 
Feed analyses 
Feed samples were analysed for dry matter, ash (ISO 5984), crude protein (ISO 5983-1) and 
crude fat (ISO 6492). Lipids were extracted from 5 g of feed (Folch et al., 1957). Fatty acids 
were methylated and analysed by gas-liquid chromatography according to Raes et al. (2001).  
 
Statistical analysis 
The data were analysed by ANOVA using the Linear Model procedure of SAS (SAS 
Enterprise Guide 4, version 4.3, SAS Institute Inc., Cary, NC, USA). The reproductive 
performance data of the sows of the four groups assigned to the PO diet were preliminary 
analysed to assess the effect of farm. No significant differences were observed between both 
farms on the number of live born piglets, weaned piglets, gestation length and mean piglet 
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weight per litter and litter weight of the newborn, 5-day old and weaned piglets. Therefore, it 
was decided that the effect of farm could be considered negligible and that the four groups of 
sows on the PO diet could be taken together as one dietary group. There was however a 
difference between both farms in the number of stillborn piglets of the sows on the PO diet (Δ 
= 0.6 stillborn piglets; P < 0.001), which may interfere with the diet effect in the final model, 
as not all experimental diets were fed on both farms. This difference was taken into account 
when discussing results regarding stillborn piglets.  
The final model for the analysis of the reproductive performance data included the fixed 
effects of diet and parity, whereby sows in their ninth parity or older were taken together in 
one category, in order to have enough observations for each parity. The interaction term diet × 
parity was excluded from the final model, as preliminary analysis showed no significance. For 
the analysis of the reproductive performance data of the sows in their subsequent parity, a 
model was used with diet and parity as fixed effects and lactation length as a covariate, as 
weaning did not occur at the same moment on both farms (21 days vs. 28 days). For the same 
reason as before, sows in their tenth parity or older were taken together.   
The mean piglet birth weight per litter and litter weight at birth were analysed with diet and 
parity as fixed effects. Also the standard deviation of the mean piglet birth weight per litter 
was analysed, as a measure for the uniformity of the litter. For the analysis of the mean piglet 
weight per litter and litter weight measured five days after expected farrowing, these weights 
were first corrected to an age of five days, as not all piglets had the same age at the time of 
weighing. Similar corrections were made at weaning, where the weights were first corrected 
to an age of 21 days, which was also the mean age of the piglets at weaning on both farms.  
In order to make more general inferences about the effect of fish oil or linseed oil in the diet 
of the sows on the reproductive performance data and piglet weights, several contrasts were 
defined combining different diets (e.g. all diets containing fish oil versus PO diet).  
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To analyse the variables regarding the farrowing process and piglet vitality, the diets were 
grouped in two dietary treatments: PO diet and n-3 PUFA diet (contains both the 0.5% LO + 
0.5% FO diet and the 0.5% LO + 1 % FO diet). Firstly, a log10 transformation was performed 
on the data to normalise the distribution, as it was positively skewed for the different 
variables. Thereafter, a linear model with dietary treatment and parity as fixed effects was 
applied. Sows in their first or second parity were taken together in one category, to have 
enough observations for each parity. In a second approach, the different variables were 
transformed into categorical variables, based on literature. The variable birth-standing was 
divided into three classes: (1) less than 1 min, (2) between 1 and 5 min, and (3) more than 5 
min, according to the viability score of Zaleski and Hacker (1993). Also the birth-udder 
reaching interval was divided into three classes: (1) less than 30 min, (2) between 30 and 60 
min, and (3) more than 60 min, since piglets will only be able to meet their energy 
requirements with a fast intake of colostrum (usually some 20-30 min after birth; Le Dividich 
et al., 2005). The classes for birth-interval were: (1) less than 10 min, (2) between 10 and 20 
min, and (3) more than 20 min, as birth-intervals exceeding 20 min have been associated with 
higher incidence of stillbirth (Zaleski and Hacker, 1993). The data were analysed by making a 
cross tabulation between dietary treatments and the different vitality parameters, and 
performing a Pearson‟s chi-squared test.  
Post-hoc comparison of least squares means was done using the Tukey method. Differences 
were considered significant at P < 0.05. Values in the text are presented as least squares 
means ± standard errors (SE).  
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RESULTS 
 
Reproductive performance in the current gestation 
Adding n-3 PUFA to the sow diet did not influence the total number of piglets born and live 
born piglets (Table 3.5). However, sows fed the 2% FO diet had a higher number of stillborn 
piglets compared to sows of the PO diet, 0.5% LO diet and 0.5% LO + 0.5% FO diet (P = 
0.009), although this difference might be overestimated, due to a possible farm effect, as 
explained earlier. The sows of the 0.5% FO diet showed a higher number of mummified 
piglets compared to all other treatments (P < 0.001). However, this was probably due to a 
failure to vaccinate this group of sows against the porcine parvovirus, and as such, it was no 
direct effect of diet. The number of weaned piglets per litter differed between dietary 
treatments (P < 0.001), with sows fed the 0.5% LO + 0.5% FO diet having 1.2 weaned piglets 
per litter more than sows fed the 0.5% FO diet or the 0.5% LO + 1% FO diet.  
Feeding the sows the 2% LO diet resulted in a 0.7 days longer gestation period than for the 
sows on the PO diet, whereas the 2% FO diet decreased gestation length with 1 day compared 
to the PO diet. This decrease in gestation length compared to the PO diet was still observed 
when all diets containing fish oil were grouped (0.7 days, P < 0.001; Table 3.6). Furthermore, 
feeding diets containing fish oil, but no linseed oil, to the sows resulted in 0.5 less weaned 
piglets compared to the PO diet (P = 0.005). When the reproductive performance data of the 
sows that were fed diets containing linseed oil, but no fish oil, were compared with the sows 
that were fed diets containing fish oil, but no linseed oil, the linseed oil fed sows had 0.9 more 
live born piglets (P = 0.02) and 0.5 more weaned piglets (P = 0.02) than fish oil fed sows and 
their gestation length was 1 day longer (P < 0.001). This positive effect of linseed oil on sow 
reproduction was also observed when sows that were fed diets containing only fish oil were 
compared with sows that were fed diets containing both fish oil and linseed oil. Sows that 
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were fed diets containing only fish oil had 1.0 less live born piglets (P = 0.008) and 0.5 more 
stillborn piglets (P = 0.014) than sows that were fed diets containing both fish oil and linseed 
oil. 
The parity of the sow had no effect on the total number of piglets born, number of live born 
piglets and gestation length (P > 0.05). First parity sows had less weaned piglets (9.7 ± 0.15) 
compared to second parity sows (10.6 ± 0.19; P = 0.02).  
  
Table 3.5.  Effect of a maternal diet supplemented with different concentrations of linseed oil and fish oil from day 45 of gestation until  
weaning on the reproductive performance of the sows in the current and subsequent gestation 
1
 
 PO 0.5% LO 2% LO 0.5% FO 0.5% LO 
+ 0.5% FO 
0.5% LO 
+ 1% FO 
2% FO RMSE  P diet 
Current gestation          
Number of litters 319 47 84 70 76 71 67   
Total born piglets 13.0 13.7 13.2 13.4 13.3 13.5 13.1 3.0 0.70 
Live born piglets 11.7 12.5 11.5 11.1 12.1 12.1 11.1 3.1 0.09 
Stillborn piglets 1.12
b
 1.06
b
 1.39
ab
 1.33
ab
 1.07
b
 1.29
ab
 2.00
a
 1.65 0.009 
Mummified piglets 
2
 0.21
b
 0.11
b
 0.31
b
 0.98
a
 0.18
b
 0.16
b
 0.05
b
 0.64 <0.001 
Weaned piglets 10.3
ab
 10.2
ab
 10.4
ab
 9.7
b
 10.8
a
 9.6
b
 9.9
ab
 1.8 <0.001 
Gestation length (days) 115.7
b
 115.8
abc
 116.4
a
 115.4
bcd
 115.8
abc
 115.0
cd
 114.7
d
 1.7 <0.001 
Subsequent gestation          
Number of litters 212 32 66 46 59 39 53   
Total born piglets 12.3 13.4 13.5 12.2 12.6 13.5 12.8 2.7 0.022 
Live born piglets 10.8
b
 12.5
a
 12.2
a
 10.8
ab
 11.5
ab
 12.0
ab
 11.2
ab
 2.7 0.003 
PO = palm oil diet; LO = linseed oil; FO = fish oil. 
a,b,c,d
 Mean values within a row with unlike superscript letters were significantly different (P < 0.05). 
1
 Values are least squares means with root mean square error (RMSE) 
2
 Mummified piglets are higher for the sows fed the 0.5% FO diet due to a porcine parvovirus infection. 
 
Table 3.6. Contrast estimates of a comparison of maternal diets supplemented with different concentrations of linseed oil and fish oil from day 45 of gestation until weaning 
on the reproductive performance of the sows in the current and subsequent gestation 
 PO – only FO PO – only LO PO – LO+FO only LO – only FO only LO – LO+FO only FO – LO+FO 
 Contr 
est 
P 
Contr 
est 
P 
Contr 
est 
P 
Contr 
est 
P 
Contr 
est 
P 
Contr 
est 
P 
Current gestation             
Total born piglets -0.268 0.39 -0.420 0.20 -0.411 0.17 -0.152 0.69 0.008 0.98 -0.144 0.69 
Live born piglets 0.578 0.069 -0.316 0.34 -0.398 0.20 0.894 0.021 -0.082 0.83 -0.976 0.008 
Stillborn piglets -0.541 0.002 -0.102 0.57 -0.053 0.75 -0.438 0.037 0.049 0.81 0.488 0.014 
Weaned piglets 0.514 0.005 0.007 0.97 0.097 0.59 0.507 0.024 0.090 0.68 -0.417 0.051 
Gestation length (days) 0.655 <0.001 -0.374 0.038 0.282 0.089 1.029 <0.001 0.656 0.001 -0.374 0.06 
Subsequent gestation             
Total born piglets -0.234 0.55 -1.158 0.002 -0.811 0.019 0.924 0.063 0.347 0.42 -0.577 0.19 
Live born piglets -0.161 0.67 -1.492 <0.001 -0.874 0.009 1.331 0.006 0.618 0.14 -0.713 0.09 
PO = palm oil diet; LO = linseed oil; FO = fish oil; only FO = 0.5% FO diet and 2% FO diet; only LO = 0.5% LO diet and 2% LO diet; LO+FO = 0.5% LO + 0.5% FO diet 
and 0.5% LO + 1% FO diet; Contr est = contrast estimate. 
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Reproductive performance in the subsequent gestation 
Adding n-3 PUFA to the sow diet until the end of lactation had an influence on the 
reproductive outcome in the subsequent parity (Table 3.5), as sows fed the 0.5% LO diet or 
the 2% LO diet had 1.4 to 1.7 more live born piglets per litter in their subsequent parity than 
sows on the PO diet (P = 0.003). Also a combination of linseed oil and fish oil in the sow diet 
resulted in 0.8 more total born piglets (P = 0.019) and 0.9 more live born piglets (P = 0.009) 
in the subsequent gestation than when PO was fed to the sows (Table 3.6). Adding fish oil to 
the sow diet did not influence the reproductive performance of the sows in the subsequent 
parity. When comparing the reproductive performance data of the sows that were fed diets 
containing linseed oil, but no fish oil, with the sows that were fed diets containing fish oil, but 
no linseed oil in their previous parity, the linseed oil fed sows had 1.3 more live born piglets 
than the fish oil fed sows (P = 0.006) and there was a trend towards 0.9 more total born 
piglets for the linseed oil fed sows (P = 0.063).  
Second parity sows had less total born piglets (12.0 ± 0.27) than third parity (13.5 ± 0.33) and 
fourth parity sows (13.5 ± 0.37; P = 0.002). Sows in their tenth parity or older had less live 
born piglets (10.0 ± 0.49) than sows in their third (12.5 ± 0.32), fourth (12.6 ± 0.36 ) or fifth 
parity (12.0 ± 0.36; P < 0.001).  
 
Piglet weights 
Linseed oil or fish oil in the gestation diet of the sow did not have an influence on the mean 
piglet birth weight per litter, on the standard deviation of the piglet birth weight per litter, or 
on the total litter weight at birth (Table 3.7). Also the mean piglet weight per litter at the age 
of 5 days did not differ between feeds, but the litter weight at 5 days was higher for the litters 
from sows on the 0.5% LO diet compared to the sows on the PO diet (P = 0.038). At the age 
of 21 days, the mean piglet weight per litter was lower for the piglets from sows on the 0.5% 
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LO + 0.5% FO diet compared to the other diets (P < 0.001), with intermediate values for 
piglets from sows on the 2% FO diet. Litters from sows on the 0.5% LO + 0.5% FO diet had 
also a lower total litter weight at 21 days of age in comparison with the 0.5% LO diet (P = 
0.049).  
In general, positive effects on piglet and litter weight were observed when linseed oil was fed 
to the sows. When linseed oil, without fish oil, was fed to the sows, the mean piglet weight 
per litter at 5 days of age was 236 g higher (P = 0.019) and the litter weight at 5 days of age 
was 4 kg higher (P = 0.002) compared with sows fed the PO diet. Furthermore, when the 
weights of the piglets and litters from sows that were fed diets containing linseed oil, but no 
fish oil, were compared with these from sows that were fed diets containing fish oil, but no 
linseed oil, the mean piglet weight per litter at 5 days was 240 g higher (P = 0.043), the litter 
weight at 5 days was 3.6 kg higher (P = 0.017) and the litter weight at 21 days was 8.0 kg 
higher (P = 0.021) for the linseed oil fed sows compared to the fish oil fed sows. The positive 
effects of linseed oil in the sow diet on piglet weight at 5 and 21 days of age, were also 
observed when the piglets from sows fed only linseed oil, were compared with the piglets 
from sows fed both linseed oil and fish oil. The litter weight at 5 days was 3.1 kg higher (P = 
0.042), the mean piglet weight per litter at 21 days was 0.95 kg higher (P = 0.001) and the 
litter weight at 21 days was 8.9 kg higher (P = 0.014), when linseed oil was fed, without 
additional fish oil, compared to both linseed oil and fish oil. Feeding a combination of linseed 
oil and fish oil to the sows decreased the mean piglet weight per litter at 21 days of age (0.6 
kg; P = 0.026) compared with piglets from sows fed the PO diet. 
Parity had no effect on mean piglet weight per litter or total litter weight at birth and at 5 days, 
but at 21 days of age, mean piglet weight per litter was higher for sows of parity 3, compared 
to parity 1 and 2 (P = 0.005), and the total litter weight was higher for second and third parity 
sows compared to first parity sows (P = 0.005).  
  
 
 
Table 3.7. Effect of a maternal diet supplemented with different concentrations of linseed oil and fish oil from day 45 of gestation until weaning on the mean piglet weight per 
litter (kg) and total litter weight (kg) 
1
 
 Diet Parity RMSE  P  
 
 
PO 0.5% LO 2% LO 0.5% FO 0.5% LO + 
0.5% FO 
0.5% LO +  
1% FO 
2% FO 1 2 3  Diet Parity 
Number of litters 47 11 12 11 12 10 12 15 73 27    
Piglet birth weight 1.44 1.44 1.50 1.43 1.38 1.48 1.54 1.45 1.46 1.46 0.24 0.74 0.99 
S.d. piglet birth weight 
2
 0.239 0.280 0.299 0.339 0.215 0.291 0.260 0.226 0.297 0.301 0.101 0.042 0.060 
Litter weight at birth 17.1 19.3 17.6 18.4 15.1 20.8 18.3 16.9 18.6 18.7 4.2 0.063 0.39 
Piglet weight day 5 2.18 2.45 2.39 2.29 2.07 2.39 2.06 2.19 2.24 2.35 0.37 0.081 0.45 
Litter weight day 5 23.9
b
 28.9
a
 26.9
ab
 25.0
ab
 23.7
ab
 25.9
ab
 23.6
ab
 24.4 25.9 25.9 4.6 0.038 0.55 
Piglet weight day 21 5.88
a
 6.31
a
 6.22
a
 6.04
a
 4.57
b
 6.07
a
 5.50
ab
 5.32
d
 5.73
d
 6.35
c
 0.93 <0.001 0.005 
Litter weight day 21 59.9
ab
 66.6
a
 62.6
ab
 56.2
ab
 50.7
b
 60.7
ab
 57.0
ab
 52.1
d
 59.7
c
 65.5
c
 11.5 0.049 0.005 
PO = palm oil diet; LO = linseed oil; FO = fish oil. 
a,b
 Mean values for diet with unlike superscript letters were significantly different (P < 0.05). 
c,d
 Mean values for parity with unlike superscript letters were significantly different (P < 0.05). 
1 
Values are least squares means with root mean square error (RMSE) 
2
 s.d. = standard deviation. 
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Farrowing process and piglet vitality 
Supplementation of the gestation diet with n-3 PUFA had no significant effect on the birth-
standing (P = 0.78) and birth-udder reaching (P = 0.29) intervals, but a longer birth-interval 
(P = 0.008) and a longer duration of farrowing (P = 0.05) were observed when n-3 PUFA 
were fed (Table 3.8). However, when the birth-standing interval was divided into different 
classes, a higher percentage of piglets attempting to stand up within 1 min after birth was 
found in sows fed an n-3 PUFA diet (82.0%) compared to the PO diet (71.2%; P = 0.024). 
There was no significant effect of dietary treatment on the distribution of the birth-udder 
reaching classes, with 76.4% vs. 84.1% of the piglets reaching the udder within 30 min after 
birth, 13.7% vs. 8.2% of the piglets reaching the udder between 30 and 60 min after birth, and 
9.9% vs. 7.7% of the piglets needing more than 60 min (PO diet vs. n-3 PUFA diet, 
respectively; P = 0.16). A higher percentage of the piglets from sows fed the PO diet had a 
birth-interval of less than 10 min (66.5% for PO diet vs. 53.7% for n-3 PUFA diet), whereas 
23.5% of the piglets from sows fed the n-3 PUFA diet had a birth interval of more than 20 
min vs. 14.5% for the PO diet (P = 0.018). 
  
 
 
 
 
 
Table 3.8. Effect of a maternal diet supplemented with n-3 polyunsaturated fatty acids on the farrowing process and vitality of the piglets 
1
 
 Diet Parity RMSE  P 
 PO n-3 PUFA 1-2 3 Diet Parity 
Number of piglet observations 161-184 207-283 281-342 87-125    
Birth-standing (sec) 46.0 45.0 51.0 40.0 50.2 0.78 <0.001 
Birth-udder reaching (min) 27.5 22.0 21.7 27.7 30.4 0.29 0.011 
Birth-interval (min) 8.5 16.6 16.3 8.8 23.6 0.008 0.008 
Number of litters 10 20 20 10    
Duration of farrowing (min) 131 224 229 126 115 0.050 0.006 
PO = palm oil diet; n-3 PUFA = 0.5% linseed oil + 0.5% fish oil diet and 0.5% linseed oil + 1% fish oil diet. 
1
 Values are least squares means with  root mean square error (RMSE). Statistical analysis was done on the log10 transformed data. 
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DISCUSSION 
 
Adding linseed oil or fish oil to the sow diet from day 45 of gestation did not affect the 
number of total piglets born. This is in accordance to the studies of Rooke et al. (2001b) and 
Smits et al. (2011), where no effect on total litter size was observed when fish oil was fed to 
the sows. However, supplementing the gestation diet with fish oil resulted in less weaned 
piglets in our study, compared to sows fed the PO diet. Furthermore, fish oil in the sow diet 
decreased the number of live born piglets, compared with sows fed diets containing linseed 
oil, with or without fish oil. These results indicate that adding fish oil to the maternal diet may 
negatively influence sow reproductive performance. However, adding linseed oil, with or 
without fish oil, to the sow diet until weaning increased the number of total born and live born 
piglets in the subsequent gestation compared to sows fed the PO diet. This indicates that 
feeding linseed oil could increase the number of follicles, improve embryo survival and 
consequently increase litter size. Adding only fish oil to the diet of the sows did not have an 
effect on the reproductive outcome in the subsequent parity, which is in accordance with 
Rooke et al. (2001b), although Smits et al. (2011) did observe a larger subsequent litter size 
following fish oil supplementation (9.7 vs. 10.7 total piglets born, control vs. fish oil diet, 
respectively).  
 
No effect of linseed oil or fish oil supplementation of the sow diet was observed on mean 
piglet weight per litter and litter weight at birth. Other studies feeding linseed oil also 
observed no effect on piglet birth weight (Boudry et al., 2009; De Quelen et al., 2010; Farmer 
et al., 2010), and the same was found in several studies supplementing fish oil (Fritsche et al., 
1993b; Leonard et al., 2011; Rooke et al., 1998; Smits et al., 2011). However, Rooke et al. 
(2001b) reported a decrease in piglet birth weight when salmon oil was fed to the sows. 
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Adding linseed oil to the sow diet increased the mean piglet weight per litter and litter weight 
at 5 days of age compared to fish oil and palm oil. Adding both linseed oil and fish oil 
however, decreased the mean piglet weight per litter and/or litter weight at 21 days of age, 
compared to only linseed oil or palm oil. These results indicate that linseed oil in the sow diet 
has a positive effect on piglet pre-weaning growth, whereas fish oil has no effect. A 
combination of linseed oil and fish oil seems to influence piglet growth negatively.  
 
As supplementing fish oil to the sow diet had negative effects on sow reproductive 
performance in the current gestation and no effect on sow reproductive performance in the 
subsequent gestation or on piglet growth, the positive effects following linseed oil 
supplementation are very probably not related to an increase in EPA and DHA concentrations, 
moreover because the conversion of ALA to these LCPUFA is rather low (Brenna, 2002). 
Possibly, the effects of linseed oil are due to direct effects of ALA, e.g. in relation to the 
neural function (Stark et al., 2008). ALA may also exert beneficial effects through its direct 
interaction with ion channels or nuclear receptors (Barceló-Coblijn and Murphy, 2009). 
Furthermore, ALA can inhibit the conversion of LA to ARA, by competing with LA for the 
enzyme Δ6-desaturase (Barceló-Coblijn and Murphy, 2009), and as such, its mode of action 
might not be a direct effect of increasing ALA, but rather an indirect effect of lowering ARA 
and its eicosanoids. However, this latter hypothesis can probably be rejected as feeding 0.5% 
LO to the sows resulted in comparable ARA concentrations in the 5-day old and weaned  
piglet liver than feeding the PO diet (Chapter 1B). The 2% LO diet also resulted in similar 
ARA concentrations in the weaned piglet liver compared to the PO diet, although lower ARA 
concentrations were observed at 5 days of age. Feeding fish oil to the sows decreased the 
ARA concentration in the 5-day old and weaned piglet liver compared to the PO diet and 
feeding a combination of linseed oil and fish oil resulted in similar or even lower ARA 
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concentrations compared to feeding only fish oil. These dietary effects on ARA concentration 
correspond with the observations in this study on piglet growth. As ARA concentration in the 
offspring is positively related to growth (Carlson et al., 1993a), the lower ARA concentration 
in the liver of the piglets from sows fed a diet containing both linseed and fish oil, probably 
resulted in a lower weight of these piglets. The positive effect of linseed oil in the sow diet on 
piglet growth, can hence be partly explained by the lack of decrease in ARA concentration in 
the liver of the piglets from these sows, but it also suggests that other mechanisms directly 
related to ALA may play an important role.  
 
Feeding linseed oil or fish oil to the sows had opposite effects on gestation length, with 
linseed oil prolonging the gestation, and fish oil resulting in a shorter gestation length 
compared to the PO diet. Feeding a combination of linseed oil and fish oil to the sows also 
resulted in a shorter gestation length compared to sows fed linseed oil, without fish oil. This is 
in contrast to other studies, where supplementing the maternal diet with fish oil or linseed oil  
resulted in a longer gestation length in sows (Boudry et al., 2009; Rooke et al., 2001b), ewes 
(Capper et al., 2006) and humans (Olsen et al., 1992; Szajewska et al., 2006). However, 
results are equivocal, as several studies have indicated no effect of n-3 PUFA on gestation 
length (Al et al., 2000; De Quelen et al., 2010; Rogers et al., 2004). It is assumed that n-6 and 
n-3 PUFA can regulate the duration of gestation through the formation of eicosanoids, and 
more specifically via the action of prostaglandins (PG), although the exact mechanism of 
action remains unclear (Allen and Harris, 2001). Arachidonic acid in the membrane 
phospholipids gives rise to the 2-series PG. Both PGE2 and PGF2α have been shown to play a 
role in the initiation of labour, by e.g. cervical ripening, inducing myometrial contractility and 
membrane rupture (Challis et al., 2002; Olsen et al., 1992). On the other hand, EPA gives rise 
to the 3-series PG and it can decrease the synthesis of 2-series PG from ARA by competition 
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at the level of the cyclooxygenase enzymes (COX), or by incorporation into the membrane 
phospholipids at the expense of ARA. Also DHA has been shown to reduce the production of 
2-series PG, possibly by competition at the level of COX, retroconversion to EPA, or 
decreased membrane phospholipid ARA (Allen and Harris, 2001). Therefore, it is assumed 
that adding fish oil to the diet can prolong gestation, by decreasing the 2-series PG and 
consequently delaying the initiation of labour.  
However, in our study, linseed oil prolonged the gestation, and fish oil resulted in a shorter 
gestation length. A possible explanation is that ALA, supplemented with the linseed oil diet, 
inhibited the formation of ARA from LA in the sow reproductive tissues, due to the 
competition between ALA and LA for Δ6-desaturase, which finally resulted in a lower 
production of 2-series PG and a prolonged gestation. This inhibitory effect of ALA could 
have been stronger than the direct effect of EPA and DHA, as it has already been shown in 
human studies that the amount of dietary EPA and DHA needed for the suppression of 2-
series PG is quite large (Allen and Harris, 2001). Feeding linseed oil to the sows did indeed 
result in a 40 to 70% decrease in ARA concentration in the sow RBC at parturition, compared 
to the PO diet, whereas feeding fish oil or a combination of fish oil and linseed oil to the sows 
resulted in a 20 to 55% lower ARA concentration compared to sows fed the PO diet (Chapter 
1B). However, fatty acid composition of the reproductive tissues was not determined in this 
study, and hence this hypothesis needs to be confirmed. 
On the other hand, not only prolonged gestation, but also preterm birth in humans is 
characterised by lower reproductive tissue PG production (Allen and Harris, 2001; Reece et 
al., 1996). This could explain the shorter gestation length noticed in our study after fish oil 
supplementation, but this should be confirmed, as PG concentrations were not measured in 
our study. Furthermore, n-3 PUFA can also have other still unexamined roles, not related to 
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eicosanoid synthesis, e.g. in myometrial contraction, through their effects on Ca
2+
 channels 
and cell signalling (Allen and Harris, 2001).    
 
Adding a combination of linseed oil and fish oil to the sow diet during gestation, increased 
birth intervals and subsequently, total duration of farrowing. However, a short duration of 
farrowing is important for piglet survival as a longer farrowing process can increase the 
number of stillborn piglets (Oliviero et al., 2010), mainly as a result of asphyxiation (Herpin 
et al., 1996). Prolonged asphyxia during delivery does not necessarily lead to stillbirth, it also 
weakens the piglets and reduces postnatal vitality (Herpin et al., 1996). However, the increase 
in duration of farrowing observed in the current study was apparently not large enough to 
result in a higher number of stillborn piglets. Also the vitality of the piglets did not seem to be 
affected, in terms of time needed to reach the udder.  
On the other hand, the longer duration of farrowing could be related to the shorter gestation 
length that was observed when sows were fed diets supplemented with both linseed oil and 
fish oil compared to the PO diet. It has previously been shown that an increase in gestation 
length is associated with a decrease in the duration of farrowing (Van Dijk et al., 2005; Van 
Rens and Van der Lende, 2004). These authors suggested that the piglets and the genital tract 
of the sows may be better prepared for parturition after a longer gestation period, and as this 
would have a positive effect on the birth process, the reverse could be true for a shorter 
gestation length.  
Rooke et al. (2001a) reported that piglets from sows fed 1.75% tuna oil from day 92 of 
gestation, significantly grasped a teat and suckled faster (20.7 min) than piglets from sows fed 
a diet with 1.75% tuna oil from day 63 to 91 of gestation followed by a basal diet (26.2 min) 
or sows fed a basal diet throughout gestation (25.1 min). Also in the current study, piglets 
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from n-3 PUFA fed sows reached the udder on average 5 min earlier than piglets from sows 
fed the PO diet, although this difference was not significant.  
 
In conclusion, this study has demonstrated that supplementing linseed oil, with or without fish 
oil, to the gestation and lactation diet of the sow had no effect on the reproductive 
performance of the sows in the current gestation, but had positive effects on reproductive 
performance in the subsequent parity. Furthermore, linseed oil in the maternal diet positively 
influenced piglet pre-weaning growth. Supplementing only fish oil had no effects or 
sometimes even adverse effects on reproductive outcome. It is suggested that the beneficial 
effect of linseed oil is not related to increasing EPA and DHA concentrations, but rather to 
other direct mechanisms induced by ALA.  
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GENERAL DISCUSSION 
 
The reproductive performance of the sow herd is one of the key factors determining the 
profitability of the pig industry (Henman, 2006). To improve sow reproductive performance, 
genetic selection strategies for increased litter size have been adopted. However, increased 
litter size is associated with a reduction in individual birth weight and a greater degree of 
competition for teat access, both resulting in a lower probability of survival (Edwards, 2002). 
Piglet survival is the outcome of complex interactions between sow, piglet and environment. 
Strategies for reducing pre-weaning mortality have in the past mainly focused on improving 
the farrowing environment, e.g. by restraining sows in farrowing crates to reduce deaths by 
crushing (Edwards, 2002). A more recent approach is focusing on sow nutrition, e.g. by 
increasing nutrients known to be involved in neural development (Edwards, 2002). In this 
respect, the use of n-3 polyunsaturated fatty acids (PUFA) in the maternal diet is of interest, 
as these fatty acids have been shown to play important roles in reproduction (Wathes et al., 
2007) and development of the brain function (Koletzko and Rodriguez-Palmero, 1999), 
although the exact mode of action remains to be elucidated.  
 
The aim of this PhD research was to contribute to a better understanding of some 
physiological and zootechnical effects of the inclusion of n-3 PUFA in the sow diet (Figure 
4.1). The first objective of this PhD research was to examine the effect of different sources 
and concentrations of n-3 PUFA in the maternal diet on the fatty acid composition of the sow
  
 
 
Figure 4.1. Polyunsaturated fatty acids (PUFA) in the diet of gestating and lactating sows: fatty acid transfer (blue arrows), metabolism (blue boxes), and physiological and 
zootechnical effects studied in this PhD dissertation (purple arrows and boxes). ALA, α-linolenic acid (C18:3n-3); ARA, arachidonic acid (C20:4n-6); DHA, docosahexaenoic 
acid (C22:6n-3); EPA, eicosapentaenoic acid (C20:5n-3); LA, linoleic acid (C18:2n-6); SDA, stearidonic acid (C18:4n-3) (Figure adapted from van Engen and Scheepens 
(2006), with permission).  
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 and piglet tissues. Therefore, two experiments were conducted, with each experiment 
comparing fish oil with one or two sustainable alternatives. In Chapter 1B, two concentrations 
(0.5% and 2%) of linseed oil or fish oil were included in the sow diet, and their efficacy to 
increase the eicosapentaenoic acid (C20:5n-3, EPA) and docosahexaenoic acid (C22:6n-3, 
DHA) concentration in the piglet red blood cells (RBC) and liver was compared. Feeding 2% 
fish oil to the sows resulted in similar (in piglet RBC) or higher (in piglet liver) EPA 
concentrations than feeding the 0.5% fish oil diet. The efficacy to increase the DHA 
concentration did not depend on the type of tissue, as for both liver and RBC the 2% fish oil 
diet had no advantage over the 0.5% fish oil diet. Feeding 2% linseed oil to the sows 
increased the EPA concentration in the piglet RBC and liver, whereas no effect on EPA was 
observed when 0.5% linseed oil was fed. The DHA concentration in the piglet RBC and liver 
could not be increased by including 0.5% or 2% linseed oil in the sow diet. These results 
illustrate that the efficacy of increasing the EPA and DHA concentration in the piglet depends 
on the concentration of the n-3 PUFA oil in the maternal diet, but that the response is non-
linear and dependent on the tissue and type of oil (H1 accepted). Our results are in contrast 
with the study of Rooke et al. (2001c), where both the EPA and DHA concentration in the 
piglet liver showed a linear response, with increasing concentrations of salmon oil (0, 0.5, 1 or 
2%) in the sow diet. Similar as in our study however, the greatest increase in DHA in the 
piglet liver occurred between 0% and 0.5% fish oil in the sow diet, with only small increases 
between 1% and 2% fish oil. A dose-response study with linseed oil has not been conducted 
to our knowledge.  
 
When evaluating linseed oil as alternative for fish oil in Chapter 1B, we observed that linseed 
oil could not increase the DHA concentration, but that the 2% linseed oil diet resulted in 
higher EPA concentrations in the piglet liver than the 0.5% fish oil diet, although both diets
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 resulted in lower EPA concentrations than when 2% fish oil was fed. These results are in 
accordance with the study of Rooke et al. (2000), where feeding 1.75% linseed oil to the sows 
did not increase the DHA concentration of the piglet liver, but it did increase the EPA 
concentration, although to a lesser extent than when 1.75% tuna oil was fed. 
As feeding linseed oil to the sows could not increase the DHA concentration of the piglet 
tissues in Chapter 1B, another alternative for fish oil, namely echium oil, was examined in 
Chapters 1C and 1D. Echium oil is derived from the plant Echium plantagineum L., and is a 
source of both α-linolenic acid (C18:3n-3, ALA) and stearidonic acid (C18:4n-3, SDA). SDA 
bypasses the enzyme Δ6-desaturase, and therefore it was assumed that echium oil in the 
maternal diet would be more efficient than linseed oil to increase the DHA concentration in 
the newborn. Therefore, an experiment was conducted where 1% fish oil in the maternal diet, 
was compared with 1% linseed oil or 1% echium oil. We decided to use a concentration of 
1% fish oil, as Chapter 1B showed that 2% fish oil in the sow diet resulted in higher EPA 
concentrations, but similar DHA concentrations in the piglet tissues than feeding 0.5% fish 
oil, and moreover, 1% fish oil was also defined as the most optimal amount in the study of 
Rooke et al. (2001c). In contrast with the results of Chapter 1B, feeding 1% linseed oil or 1% 
echium oil to the sows increased the EPA and DHA concentration in the newborn piglet 
plasma, RBC, liver, muscle and brain in Chapters 1C and 1D. However, this increase was still 
smaller than when 1% fish oil was fed. Furthermore, echium oil and linseed oil resulted in 
similar increases in the EPA and DHA concentration. Hence, the results from Chapters 1B, 
1C and 1D confirm that the efficacy to increase the n-3 long chain (LC) PUFA concentration 
in the piglet depends on the type of n-3 PUFA oil, with fish oil being more efficient than the 
same concentration of linseed oil or echium oil and with echium oil having no benefit over the 
same concentration of linseed oil (H1 accepted). 
Chapter 4 
203 
 
The reason for the differential effect of linseed oil on the DHA concentration in the piglet 
tissues between the two experiments is not clear. A possible explanation may be that the two 
experiments differed by piglet age (newborn vs. 5-day old), piglet weight (lightest and 
heaviest piglet vs. average weight piglet), gender (male vs. female piglet), and breed of the 
sow (Rattlerow-Seghers hybrids vs. Landrace × Large White). An effect of one of these 
factors on e.g. gene expression of the proteins involved in fatty acid metabolism cannot be 
excluded. Differential expression of lipid metabolism related genes has already been reported  
in different pig breeds (Reiter et al., 2007; Zhao et al., 2009). Also the effect of piglet age on 
hepatic expression of genes involved in fatty acid synthesis and conversion has been studied 
(McNeil et al., 2005; Theil and Lauridsen, 2007), however, these studies observed an 
increased expression of e.g. Δ6-desaturase with increased piglet age, which is in contrast with 
our observations. The effect of piglet weight has been less studied, however, McNeil et al. 
(2005) observed that the smallest foetus of the litter had no reduced hepatic Δ5- or Δ6-
desaturase expression compared to an average sized littermate at day 45, 65 or 100 of 
gestation. Furthermore, although not examined in pigs and also in contrast to our 
observations, mRNA expression of Δ5- and Δ6-desaturase genes was greater in female than in 
male rat livers (Extier et al., 2010; Kitson et al., 2012). 
Differences in other fatty acids between the two studies could similarly be the result of one of 
the above mentioned differences in experimental setup. Also the day at which the feeding of 
the experimental diets started, was different between the two studies (day 73 vs. day 45), due 
to practical circumstances. However, this is not expected to affect the fatty acid composition 
of the piglets, as Rooke et al. (2001a) have demonstrated that fatty acid transfer can still occur 
during late gestation. In addition, the analytical method for fatty acid analysis differed 
between the two experiments (direct transesterification vs. extraction and methylation). 
Although both methods were extensively compared and no major differences on the outcome 
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of the test samples were observed, we cannot completely exclude that a difference in 
analytical method could be the cause of e.g. the difference in absolute amount of total fatty 
acids in the liver and RBC of the piglets noticed between the two experiments. 
 
Studies of Rooke et al. (1999, 2000, 2001b, 2001c) have demonstrated that a supplementation 
of the sow diet with n-3 PUFA reduces the arachidonic acid (C20:4n-6, ARA) concentration 
of the piglet tissues. However, ARA has important biological functions (Kurlak and 
Stephenson, 1999) and it has been suggested that ARA is positively correlated with growth 
(Carlson et al., 1993a). Indeed, lower piglet birth weights were observed in the study of 
Rooke et al. (2001b), when salmon oil was fed to the sows. Hence, it seems important to 
control the level of ARA, when n-3 PUFA are included in the sow diet. In Chapters 1B, 1C 
and 1D, we tried to prevent the decrease in ARA concentration by including equal and high 
levels of the precursor fatty acid linoleic acid (C18:2n-6, LA) in each dietary treatment. 
Despite the constant LA concentration in the sow diet, a decrease in ARA concentration was 
observed in the piglet tissues when n-3 PUFA were fed to the sows (H2 rejected). To what 
extent this decrease in ARA concentration had an influence on piglet weight is not clear, as 
differential effects of n-3 PUFA on piglet weight were observed between the two 
experiments.  
 
In Chapter 1D, the relationship between piglet birth weight and n-3 PUFA status of the piglet 
tissues was examined. This relationship seemed of interest as both factors have been 
associated with piglet survival. Birth weight is stated to be the best predictor of pre-weaning 
mortality (van Rens et al., 2005) and fish oil has already been shown to reduce piglet deaths 
from crushing by the sow (Rooke et al., 2001b) and to increase piglet vitality (Rooke et al., 
2001a). The results in Chapter 1D demonstrated that lower total n-3 PUFA concentrations 
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were observed in the brain of the lightest piglets compared with their heavier littermates, 
mainly due to a decrease in DHA. No effect of birth weight was observed on the n-3 PUFA 
concentrations in the piglet liver and muscle. Hence, lighter piglets had a weaker n-3 PUFA 
status than heavier littermates, however, this weight effect was tissue-dependent (H3.1 
accepted). Furthermore, including linseed oil, echium oil or fish oil in the sow diet could not 
significantly reduce the difference in n-3 PUFA concentration between the light and heavy 
piglets (H3.2 rejected). The difference in brain DHA concentration between the light and 
heavy piglets may be related with the claimed beneficial effect of DHA on piglet vitality.  
 
The second objective of this PhD research was to examine the effect of different sources and 
concentrations of n-3 PUFA in the maternal diet on the oxidative status of the sow and piglet. 
Until now, most studies did not consider the oxidative status of the sows and piglets when 
including n-3 PUFA in the sow diet. However, as a result of their double bonds, PUFA are 
very prone to oxidation, and including PUFA in the diet may induce oxidative stress. 
Therefore, controlling the oxidative status of mother and progeny when adding PUFA to the 
maternal diet is essential. Different parameters of oxidative status were measured in the sow 
and piglet plasma in the experiments of Chapters 1B and 1C. Ferric reducing ability of plasma 
(FRAP), glutathione peroxidase activity (GSH-Px) and α-tocopherol concentration were 
measured as antioxidative parameters, whereas the concentration of malondialdehyde (MDA) 
was determined as measure for lipid peroxidation. In the experiment described in Chapter 1B, 
150 mg/kg α-tocopherol acetate and 0.4 mg/kg organic selenium were added to the sow diet, 
whereas in Chapter 1C, 75 mg/kg α-tocopherol acetate was added. 
Including 2% fish oil in the sow diet resulted in a higher FRAP value, GSH-Px activity and 
MDA concentration in the sow plasma compared to the other diets in Chapter 1B. In Chapter 
1C, no major dietary effects on sow oxidative status were observed. This indicates that at the 
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given concentrations of antioxidants in the sow diet, no effect of source or concentration of n-
3 PUFA oil in the sow diet on sow oxidative status occurred, except when 2% fish oil was fed 
(H4.1 partly accepted). Also Cools et al. (2011) observed an effect of higher concentrations 
of fish oil in the sow diet on the oxidative status. In this study, sows were fed diets including 
0%, 1%, 2%, 3%, or 4% of fish oil. Higher MDA concentrations in the sow plasma were 
observed when 2% or more fish oil was fed to the sows, although more vitamin E was 
included in the diets (218 mg/kg diet) than in our studies. This indicates that including 2% or 
more fish oil in the sow diet negatively influences the oxidative status of the sows, and that 
this negative effect cannot be counteracted by increasing levels of dietary antioxidants. 
Furthermore, at a maximum level of 1% n-3 PUFA oil in the sow diet, there seems to be no 
need for increasing the dietary content of α-tocopherol acetate above 75 mg/kg.  
In contrast to the observations in the sows, including 2% fish oil in the sow diet decreased the 
MDA concentration in the piglet. Furthermore, the other oxidative status parameters did not 
reveal signs of increased oxidative stress in the piglets. These results may indicate that the 
placenta has a regulating and protective role against foetal oxidative stress. Hence, the 
inclusion of n-3 PUFA in the sow diet did not seem to negatively affect the oxidative status of 
the piglets (H4.2 accepted), in compliance with the study of Sarkadi-Nagy et al. (2003). 
 
The third objective of this PhD research was to examine the effect of different sources of n-3 
PUFA in the maternal diet on the post-weaning immunity of the piglet. It was expected that 
diets that differed in PUFA profile could differently affect immune function through e.g. 
specific eicosanoid production. Therefore, in Chapter 2B, the effect of a maternal diet 
containing either palm oil or 1% linseed oil, echium oil or fish oil on two immune parameters 
in weaned piglets was compared. Firstly, piglets were immunised with bovine thyroglobulin, 
and specific antibodies were determined as a measure of adaptive immunity. No significant 
Chapter 4 
207 
 
difference in specific antibody titers was observed between the dietary treatments, except for 
a delay in immunoglobulin (Ig) M response for piglets from sows fed the fish oil diet. 
However, from day 21 post-weaning, a difference in IgM titer between diets was no longer 
observed. Secondly, serum amyloid A (SAA) concentrations were determined as a measure of 
innate immunity. However, no effect of maternal diet was observed on the SAA concentration 
in the piglet serum.  
Overall, the measured immune responses differed to a larger extent between weaning groups 
than between dietary treatments, and thus the observed delayed response in thyroglobulin-
specific IgM titer following the fish oil dietary treatment, may not be relevant in view of other 
environmental factors affecting immunity. Hence, the results from Chapter 2B demonstrate 
that including n-3 PUFA in the maternal diet had no major effects on the selected immune 
parameters of the piglets after weaning, at the n-3 PUFA concentrations used in this study 
(H5 rejected). 
 
The fourth objective of this PhD research was to examine the effect of different sources and 
concentrations of n-3 PUFA in the maternal diet on the sow reproductive performance and 
piglet growth and vitality. In order to reliably quantify parameters of reproductive 
performance, large number of litters are necessary. Small sample size has been a shortcoming 
in many studies, and this is probably an important reason why literature results on this topic 
have been very inconsistent (Chapter 3B). To overcome this problem, we have conducted our 
experiment in a private setting, with data of a total of 734 sows (Chapter 3C). Sows were fed 
a palm oil diet, or one of six n-3 PUFA diets, each containing different concentrations and 
combinations of linseed oil and fish oil, from day 45 of gestation until weaning. No effect of 
linseed oil or fish oil in the sow diet was observed on the number of total and live born piglets 
in the current gestation, but fish oil resulted in less weaned piglets. No effect of fish oil was 
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observed on the reproductive performance of the sows in the subsequent gestation, but linseed 
oil increased the number of total and live born piglets in the subsequent gestation, indicating 
positive effects of linseed oil on follicle development and embryo survival. Furthermore, fish 
oil resulted in a shorter gestation length, whereas linseed oil prolonged the gestation, which is 
associated with more mature piglets and a better birth process (Van Dijk et al., 2005; Van 
Rens and Van der Lende, 2004). These results hence demonstrate that n-3 PUFA 
supplementation of the maternal diet can affect sow reproductive performance in the current 
and subsequent gestation, but that linseed oil and fish oil have differential effects (H6 
accepted).  
 
Also the effect of n-3 PUFA in the sow diet on their farrowing process (birth-intervals and 
total duration of farrowing) was measured. Unfortunately, due to technical problems, 
observations were only available for sows fed a diet containing a combination of linseed oil 
and fish oil and not for sows fed a diet containing only linseed oil or only fish oil, hence 
possible differential effects of both oils could not be detected. Nonetheless, a combination of 
linseed oil and fish oil in the sow diet affected the farrowing process of the sows, as longer 
birth-intervals and total duration of farrowing were observed (H7 accepted). In general, 
longer birth-intervals are not desirable, due to the associated increase in number of stillbirths 
(Oliviero et al., 2010) and reduced piglet vitality (Herpin et al., 1996). However, the observed 
increase in birth interval and total duration of farrowing in Chapter 3C, was apparently not 
large enough to negatively affect piglet vitality. Indeed, no effect of n-3 PUFA in the sow diet 
was observed on the time that the piglets needed to stand up and reach the udder (H8 
rejected).  
Linseed oil or fish oil in the sow diet did not affect piglet birth weight or litter weight at birth. 
However, linseed oil in the sow diet increased piglet and litter weight at 5 days of age, 
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whereas fish oil had no effect. Furthermore, feeding a combination of linseed oil and fish oil 
decreased piglet weight and litter weight at 21 days of age. These results hence confirm that 
n-3 PUFA supplementation of the maternal diet can affect piglet pre-weaning growth, but that 
differential effects are observed between feeding linseed oil, fish oil or a combination of both 
oils (H9 accepted).  
 
To our knowledge, no large scale studies have ever compared the effect of linseed oil and fish 
oil on sow reproductive performance and piglet growth and vitality. The differential effects of 
these oils were therefore unexpected and may shed a new light on the use of n-3 PUFA oils in 
sow nutrition. Firstly, it can be hypothesised that optimal responses on reproduction can only 
be achieved at specific doses, and that a higher supply of n-3 PUFA does not necessarily 
result in a better reproductive outcome. This may also explain why no studies observed an 
effect of fish oil supplementation on litter size, except for the study of Smits et al. (2011), 
who observed an increased litter size following very low concentrations (0.33%) of fish oil in 
the sow diet. Possibly the sow and piglet requirements for EPA and DHA in our study were 
met by offering the linseed oil diet to the sows. This is confirmed by the results of Chapters 
1B and 1C, where feeding increasing concentrations of linseed oil did not result in an 
increased DHA concentration. This apparent lack of conversion may indicate a saturated 
synthesis of DHA and a concomitant negative feedback on ALA. This hypothesis is further 
strengthened by the fact that in humans, the ability to convert ALA to EPA and DHA is 
gender dependent, with a greater rate of conversion in women of reproductive age than in men 
(Burdge, 2006). It thus appears that the demand for DHA by the foetus during pregnancy may 
stimulate female physiology to more readily synthesise this fatty acid (Stark et al., 2008). This 
may indicate that the foetus is able to regulate the supply of DHA according to its needs, 
further confirming the essentiality of DHA for the foetus. Hence, as no greater conversion of 
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ALA to DHA was observed with increasing amounts of linseed oil, the piglet requirements for 
DHA may have already been fulfilled.  
Secondly, more and more studies recognise that the importance of ALA, which is in fact the 
only truly essential n-3 fatty acid, has been overlooked. Effects of higher ALA 
supplementation may not exclusively be related to its role as precursor fatty acid for EPA and 
DHA, but ALA itself can also exert beneficial effects, possibly through its direct interactions 
with ion channels or nuclear receptors. Potential direct beneficial effects of ALA have been 
suggested on the neural function, cardiovascular protection, and modulation of the 
inflammatory response (Barceló-Coblijn and Murphy, 2009; Stark et al., 2008), but more in-
depth studies on the mechanisms of action of ALA are needed. 
 
A general remark that can be made when discussing our results and results of others is that the 
fate of the dietary PUFA is dependent on many factors that are often not similar between 
studies, or cannot even be controlled for. Whether the dietary PUFA will be incorporated in 
the tissues, β-oxidised, metabolised (to other fatty acids or to metabolites like eicosanoids), 
or, in the case of pregnant and lactating animals, transferred to the foeti and mammary gland, 
will depend for instance on the diet composition (e.g. total fat level), the feeding strategy (e.g. 
restricted vs. ad libitum (Kloareg et al., 2005)), and the physiological state of the animal (e.g. 
positive vs. negative energy balance, lactating vs. gestating). It can be expected that sows with 
a low body condition will use a larger part of the dietary PUFA as energy source. 
Furthermore, it is well known that competition for nutrients can occur between growth and 
immunity (Lochmiller and Deerenberg, 2000), and hence it can be expected that in case of an 
immunological challenge, more PUFA will be used for the production of eicosanoids. 
 
Chapter 4 
211 
 
LIMITATIONS OF THE STUDY AND FUTURE PERSPECTIVES 
 
As reviewed in Chapter 3B, many studies assessing the effect of n-3 PUFA in the sow diet on 
sow reproductive outcome and piglet performance have suffered from inadequate sample size 
and have therefore yielded inconsistent results. To overcome this problem of small sample 
size, we have chosen to conduct one large experiment in a private setting. This allowed us to 
collect data on large number of litters, and hence increased the power of our statistical 
analysis, but it also had some limitations. Firstly, the trial was conducted on two farms. 
Although a possible farm effect was checked by feeding palm oil diets (as control treatment) 
on both farms and could be excluded, a farm × diet effect may still have been possible. 
Secondly, due to the infrastructure and management of the farms, dietary treatments could not 
be run at the same time and hence a time/season effect cannot be excluded. Furthermore, 
different batches of the n-3 PUFA oils had to be used in the feeds. Although the oils were 
obtained from the same companies, fatty acid analysis of the feed samples showed that there 
were differences in fatty acid composition between batches. This makes it difficult to find 
simple dose-response relationships and hence impedes the formulation of specific dietary 
requirements of n-3 PUFA. Thirdly, the farms used in this experiment did not belong to the 
top end farms with respect to sow prolificacy. Rather, they were average farms of the 
integrator Danis NV. Although the reproductive data of our study are in accordance with data 
in literature, it cannot be excluded that feeding n-3 PUFA to highly prolific sows would have 
another outcome. Fourthly, conducting experiments in a private setting, requires the 
collaboration of many people, who are not always familiar with the process of scientific 
experiments. Hence, it was sometimes difficult to obtain all desired data, moreover because 
this data collection was often not part of their normal daily task and increased their workload. 
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For example, data on the influence of n-3 PUFA in the sow diet on the weaning-to-estrus 
interval would have been interesting, but could not be obtained. 
 
From the results of this PhD dissertation, new perspectives for future research can be derived. 
Firstly, more dose-response studies are needed to determine the optimal concentration of 
supplementary n-3 PUFA to enhance sow reproductive outcome and piglet performance. 
Especially the effect of low doses of n-3 PUFA needs more attention. Furthermore, not only 
the amount, but also the timing of supplementation deserves more focus. One can hypothesise 
that optimal responses on reproduction may only occur when specific (low) doses of n-3 
PUFA are fed during specific critical time windows of organ development. Besides those 
critical periods for organ development, results on the effect of n-3 PUFA on the reproductive 
performance in the subsequent gestation indicate that it may also be interesting to examine the 
effect of n-3 PUFA in the gilt or sow diet around conception. The possibility to reduce the 
amount and duration of supplementation with n-3 PUFA oils will also have beneficial 
economic effects, by reducing feed costs. 
Secondly, studies on the effect of n-3 PUFA in the maternal diet on sow reproductive 
performance need to be accompanied by biochemical analyses, e.g. eicosanoid concentrations 
or gene expression data, that might support unraveling the link between dietary n-3 PUFA 
supplementation and reproduction. Determining eicosanoid concentrations in the sow around 
parturition may give more insight in the differential effects of linseed oil and fish oil on 
gestation length. Also gene expression data of proteins involved in fatty acid metabolism 
would be interesting. Research on Δ6- and Δ5-desaturase protein expression has already been 
conducted on part of the data of the first experiment described in this PhD dissertation by 
Missotten et al. (2009). This study demonstrated that including n-3 PUFA in the sow diet 
could increase the Δ6- and Δ5-desaturase protein expression in the 5-day old piglet, but this 
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increase was tissue-dependent and large variations between individual animals existed. 
Further research on the transcriptomic or proteomic expression of these enzymes would be 
interesting, e.g. to gain insight in the fatty acid metabolism of light and heavy piglets. 
Thirdly, there is a general lack of studies assessing the effect of n-3 PUFA in the sow diet on 
piglet vitality and behaviour. This study tried to address this lack by recording piglet 
behaviour during the first hours after birth. However, due to technical problems, this was only 
possible for a limited number of sows. Furthermore, analysis of the video recordings turned 
out to be very difficult and time consuming, due to the constant movements of sow and 
piglets. Software to facilitate these analyses are available, but could not be implemented in 
our experiment, as the light conditions in the stables were not ideal. Repeating behavioural 
experiments under better experimental conditions and with adapted software would therefore 
be interesting. Furthermore, more studies are needed that conduct specific behavioural tests in 
accordance to the study of Gunnarsson et al. (2009). 
Fourthly, it may be worthwhile to shift the focus from piglet performance to sow 
performance. As indicated by the study of Al et al. (1997), the maternal DHA status of 
women reduces with increasing number of pregnancies, and lower DHA concentrations after 
parturition may even be associated with an increased risk for postpartum depression (Otto et 
al., 2003). In line with these studies in humans, one can hypothesise that sow body reserves 
can get depleted of n-3 PUFA after several subsequent gestations, and that this might affect 
the health status of the sows (e.g. through effects on immunity). This long term follow-up of 
the fatty acid status of sows has not yet been conducted, but it would be interesting to know if 
similar observations as in humans occur. Furthermore, it would be of interest to examine the 
effects of long term n-3 PUFA supplementation of the sow diet on sow n-3 PUFA status. 
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In conclusion, the results of this PhD dissertation have demonstrated that n-3 PUFA are 
transferred from sow to piglet, but that higher concentrations of n-3 PUFA in the maternal 
diet do not necessarily result in higher n-3 PUFA concentrations in the piglet. This may 
indicate that the piglet might have the ability to regulate the supply of n-3 PUFA (placental 
transfer and/or its own fatty acid metabolism), e.g. by means of negative feedback, according 
to its needs. The lightest piglets of the litter, however, seem to suffer from a deficient 
placental transfer and/or reduced activity of enzymes involved in the fatty acid metabolism, as 
lower DHA concentrations were observed in their brain. Furthermore, fish oil in the maternal 
diet did not affect sow reproduction or piglet performance, whereas linseed oil had positive 
effects, indicating that linseed oil can have beneficial effects as such and/or that optimal 
responses on sow reproduction and piglet performance are obtained at low concentrations of 
EPA and DHA. It is suggested that the concentrations of EPA and DHA required by the piglet 
for optimal development can already be achieved by inclusion of ALA in the sow diet. 
Furthermore, since soy oil is often included in current gestation diets to fulfil the requirements 
for LA, and contains small amounts of ALA, the requirements for ALA may already be 
fulfilled in gestation diets nowadays used in intensive sow production systems. Hence, 
although it is well established from the literature that n-3 LC PUFA are essential for growth 
and development, the results from this dissertation suggest that supplementation of the 
maternal diet with n-3 LC PUFA may not offer benefits in current sow production systems.  
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SUMMARY 
 
The reproductive performance of the sow herd is one of the key factors determining its 
profitability. To improve sow reproductive performance, genetic selection for increased litter 
size is widely performed. However, increased litter size has been associated with a higher 
incidence of piglet mortality, with 10 to 20% of piglets dying before weaning. Hence, 
developing strategies which increase the number and survival of live born piglets, is not only 
of economic importance, but also beneficial for animal welfare.  
One potential approach is to focus on sow nutrition, aiming to match the maternal dietary 
composition with sow and piglet requirements. In this respect, the use of n-3 polyunsaturated 
fatty acids (PUFA) in the maternal diet is of interest, as these fatty acids have been shown to 
play important roles in male and female reproduction, and foetal and neonatal growth and 
development. Particularly the n-3 long chain (LC) PUFA eicosapentaenoic acid (C20:5n-3, 
EPA) and docosahexaenoic acid (C22:6n-3, DHA) are important. EPA is a precursor for 
eicosanoids and thus important for the immune system, whereas DHA is a structural 
component of the membrane phospholipids and present in high concentrations in the brain and 
retina.  
During the last two decades, considerable research has been conducted on the effect of n-3 
PUFA in the maternal diet on sow reproductive performance and piglet growth and vitality. 
However, results are equivocal and many studies suffer from shortcomings such as small 
sample size. Furthermore, most studies have been focusing on supplementation with n-3 
PUFA, thereby neglecting the balance with n-6 PUFA. However, also n-6 PUFA have 
important biological functions, e.g. as precursor for eicosanoids and acting in cell signalling, 
and it has been suggested that arachidonic acid (C20:4n-6, ARA) is positively correlated with 
growth. As an increased supply of n-3 PUFA inhibits the formation of ARA from linoleic acid 
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(C18:2n-6, LA), due to the competition for the Δ6-desaturase enzyme and preference of this 
enzyme for n-3 over n-6 PUFA, it is important to control n-6 PUFA levels, when including n-
3 PUFA in the diet. In addition, the majority of the studies have used fish oil as source of n-3 
PUFA. However, fish oil is becoming a scarce resource, and research for sustainable 
alternatives is needed. Furthermore, little is known on the effect of n-3 PUFA in the maternal 
diet on piglet post-weaning immunity.  
Including n-3 PUFA in the diet might also have adverse effects, such as an increased risk for 
oxidative stress. Research on the effect of increased n-3 PUFA supply of the maternal diet on 
the oxidative status of the mother and progeny is limited, and the dietary requirements of 
antioxidants with a maternal diet rich in PUFA have not been defined.  
 
The overall objective of this PhD research was to contribute to a better understanding of some 
physiological and zootechnical effects of n-3 PUFA in the sow diet. More specifically, this 
research had four objectives, i.e. to examine the effect of different sources and/or 
concentrations of n-3 PUFA in the maternal diet on: (1) fatty acid composition of the sow and 
piglet tissues; (2) oxidative status of the sow and piglet; (3) post-weaning immunity of the 
piglets; and (4) sow reproductive performance and piglet growth and vitality. 
 
In Chapter 1, the effect of n-3 PUFA in the maternal diet on fatty acid composition and 
oxidative status of sows and piglets is examined. In Chapter 1A, an introduction on PUFA 
structure, metabolism and function is given, as well as a short literature overview on the 
transfer of fatty acids from sow to piglet, and an introduction on oxidative status. In Chapters 
1B to 1D, the results from our own experiments are presented. Two experiments were 
conducted, with each experiment comparing fish oil with one or two alternative oil sources. In 
Chapter 1B, two concentrations (0.5% and 2%) of linseed oil or fish oil were included in the
Summary 
219 
 
 sow diet from day 45 of gestation until weaning, and their efficacy to increase the EPA and 
DHA concentration in the piglet red blood cells (RBC) and liver was compared. Feeding 2% 
fish oil to the sows resulted in similar (in piglet RBC) or higher (in piglet liver) EPA 
concentrations than feeding 0.5% fish oil, whereas the 2% fish oil diet had no advantage over 
the 0.5% fish oil diet to increase the DHA concentration in the piglet tissues. Feeding 2% 
linseed oil, but not 0.5% linseed oil, to the sows increased the EPA concentration in the piglet 
RBC and liver, and moreover, the 2% linseed oil diet resulted in higher EPA concentrations in 
the piglet liver than the 0.5% fish oil diet. The DHA concentration in the piglet RBC and liver 
was not increased by including 0.5% or 2% linseed oil in the sow diet.  
As feeding linseed oil to the sows did not increase the DHA concentration of the piglet tissues 
in Chapter 1B, another alternative for fish oil, namely echium oil, was examined in Chapters 
1C and 1D. Echium oil is derived from the plant Echium plantagineum L., and is a source of 
both α-linolenic acid (C18:3n-3, ALA) and stearidonic acid (C18:4n-3, SDA). As SDA 
bypasses the enzyme Δ6-desaturase, it was assumed that echium oil in the maternal diet 
would be more efficient than linseed oil for increasing the DHA concentration in the newborn. 
Therefore, a second experiment was conducted in which 1% fish oil in the sow diet from day 
73 of gestation until weaning, was compared with 1% linseed oil or 1% echium oil. In 
contrast with the results of Chapter 1B, feeding 1% linseed oil or echium oil to the sows 
increased the EPA and DHA concentration in the newborn piglet plasma, RBC, liver, muscle 
and brain in this experiment. However, this increase was smaller than when 1% fish oil was 
fed, and furthermore, echium oil and linseed oil resulted in similar increases in the EPA and 
DHA concentration.  
To counteract possible adverse effects of increased dietary n-3 PUFA intake on piglet growth, 
due to a possible decrease in ARA concentration, constant and high levels of LA were 
provided in both experiments. However, the results from Chapters 1B, 1C and 1D showed 
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that, despite the constant LA concentration in the sow diet, a decrease in ARA concentration 
occurred in the piglet tissues when n-3 PUFA were fed to the sows. To what extent this 
decrease in ARA concentration had an influence on piglet weight was not clear, as differential 
effects of n-3 PUFA on piglet weight were observed between the two experiments.  
In Chapter 1D, the relationship between piglet birth weight and n-3 PUFA status of the piglet 
tissues was investigated. This relationship seemed of interest as both factors have been 
positively associated with piglet survival. The results of Chapter 1D demonstrated that lower 
DHA concentrations were observed in the brain of the lightest piglets compared with their 
heavier littermates, but no effect of birth weight was observed on the n-3 PUFA 
concentrations in the piglet liver and muscle. Furthermore, including linseed oil, echium oil or 
fish oil in the sow diet could not significantly reduce the difference in brain DHA 
concentration between the light and heavy piglets. This difference in brain DHA 
concentration may be related with the claimed beneficial effect of DHA on piglet vitality. 
 
Not only the effect of different sources and concentrations of n-3 PUFA in the maternal diet 
on fatty acid transfer, but also the effect on the oxidative status of sow and piglet was 
examined in Chapters 1B and 1C. No negative effect of source or concentration of n-3 PUFA 
oil in the sow diet on the sow oxidative status was observed, except when 2% fish oil was fed. 
Similarly, no negative effect of source or concentration of n-3 PUFA oil in the sow diet was 
observed on the oxidative status of the piglets, indicating that the placenta may have a 
regulating and protective role against foetal oxidative stress. Hence, at a maximum level of 
1% n-3 PUFA oil in the sow diet, there was no effect on the oxidative status of sows and 
piglets, and furthermore, there seemed to be no need for increasing the dietary content of the 
antioxidant α-tocopherol acetate above 75 mg/kg. 
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Chapter 2 examined the effect of n-3 PUFA in the maternal diet on the post-weaning 
immunity of the piglets. After a brief introduction on the relationship between PUFA and 
immunity in Chapter 2A, the results from our own experiment were presented in Chapter 2B. 
In this chapter, the effect of a maternal diet containing either only palm oil, or 1% linseed oil, 
echium oil or fish oil on two immune parameters in weaned piglets was compared. Firstly, 
piglets were immunised with bovine thyroglobulin, and specific antibodies were determined 
as a measure of adaptive immunity. No significant difference in specific antibody titers was 
observed between the dietary treatments, except for a delay in immunoglobulin (Ig) M 
response for piglets from sows fed the fish oil diet. Secondly, serum amyloid A (SAA) 
concentrations were determined in the piglets as a measure of innate immunity, but no effect 
of the maternal diet was observed. Overall, the measured immune responses differed to a 
larger extent between weaning groups than between dietary treatments, and hence the 
observed diet effect on IgM may not have been relevant in view of other environmental 
factors affecting immunity.  
 
In Chapter 3, the influence of n-3 PUFA in the maternal diet on sow reproduction and piglet 
growth and vitality was investigated. After a brief introduction in Chapter 3A on the 
metabolism by which n-3 PUFA may influence sow and piglet performance, the results of our 
literature survey were presented in Chapter 3B. An overview of the current knowledge on this 
topic was given, and the shortcomings in these studies were discussed. Particularly small 
sample size seemed a shortcoming in many studies, and was probably an important reason 
why literature results are very inconsistent. In Chapter 3C, the results of our own experiment 
regarding the effects of different concentrations of linseed oil and fish oil on sow reproductive 
outcome and piglet performance were presented. In order to have enough observations, we 
conducted our experiment in a private setting, with data of a total of 734 sows. Sows were fed 
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a palm oil diet, or one of six n-3 PUFA diets, each containing different concentrations and 
combinations of linseed oil and fish oil, from day 45 of gestation until weaning. No effect of 
linseed oil or fish oil in the sow diet was observed on the number of total and live born piglets 
in the current gestation. However, linseed oil, but not fish oil, in the sow diet increased the 
number of total and live born piglets in the subsequent gestation, indicating positive effects of 
linseed oil on follicle development and embryo survival. Furthermore, fish oil resulted in a 
shorter gestation length, whereas linseed oil prolonged the gestation. Including n-3 PUFA in 
the sow diet affected the farrowing process of the sows, as longer birth-intervals and total 
duration of farrowing were observed. However, no effect of n-3 PUFA in the sow diet was 
observed on piglet vitality, in terms of the time the piglets needed to stand up and reach the 
udder. 
Linseed oil or fish oil in the sow diet did not affect piglet birth weight or litter weight at birth. 
However, linseed oil in the sow diet increased piglet and litter weight at 5 days of age, 
whereas fish oil had no effect. Furthermore, feeding a combination of linseed oil and fish oil 
decreased piglet weight and litter weight at 21 days of age. These results hence demonstrated 
that n-3 PUFA supplementation of the maternal diet can affect sow reproduction and piglet 
performance, but that linseed oil and fish oil have differential effects. 
 
In Chapter 4, the results from the different experiments were compared and discussed. 
Possible reasons were suggested for the observed difference in fatty acid transfer between the 
two experiments, as well as for the differential effects of linseed oil and fish oil on sow and 
piglet performance. Also the limitations of this PhD research and future prospects were 
discussed. 
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In conclusion, the results of this PhD dissertation have demonstrated that n-3 PUFA are 
transferred from sow to piglet, but that the efficacy to increase the EPA and DHA 
concentration in the piglet tissues depends on the source and concentration of n-3 PUFA oil, 
with fish oil being more efficient than the same concentration of linseed oil or echium oil, and 
with echium oil having no benefit over the same concentration of linseed oil. Furthermore, 
higher concentrations of n-3 PUFA in the maternal diet do not necessarily result in higher n-3 
PUFA concentrations in the piglet. It was suggested that the piglet might have the ability to 
regulate the supply of n-3 PUFA, according to its needs. No major effects of n-3 PUFA 
supplementation of the sow diet on oxidative status and piglet immunity were observed. Fish 
oil in the maternal diet did not affect sow reproduction or piglet performance, whereas linseed 
oil had positive effects, indicating that linseed oil can have beneficial effects as such and/or 
that optimal responses on sow reproduction and piglet performance are obtained at low 
concentrations of EPA and DHA. It was suggested that the concentrations of EPA and DHA 
required by the piglet for optimal development can already be achieved by inclusion of ALA 
in the sow diet. Furthermore, since soy oil is often included in current gestation diets to fulfil 
the requirements for LA, and contains small amounts of ALA, the requirements for ALA may 
already be fulfilled in gestation diets nowadays used in intensive sow production systems. 
Hence, although it is well established that n-3 LC PUFA are essential for growth and 
development, the results from this dissertation suggest that supplementation of the maternal 
diet with n-3 LC PUFA may not offer benefits in current sow production systems. 
  
 
  
 
SAMENVATTING 
  
 
 227 
 
SAMENVATTING 
 
De rendabiliteit op vermeerderingsbedrijven in de intensieve varkenshouderij wordt in sterke 
mate bepaald door de voortplantingsefficiëntie van de zeugen. Om deze efficiëntie te 
verhogen, wordt genetische selectie voor een hogere worpgrootte algemeen toegepast. Dit 
heeft echter ook nadelige gevolgen, aangezien een hogere worpgrootte gepaard gaat met een 
hogere sterfte bij de biggen. Gemiddeld  sterven 10 tot 20% van het totaal aantal geboren 
biggen voor het spenen. Aangezien dit grote implicaties heeft, zowel op economisch vlak als 
op vlak van dierenwelzijn, is het dan ook belangrijk dat strategieën worden ontwikkeld om het 
aantal levend geboren biggen en hun overlevingskansen te doen stijgen.  
Het optimaliseren van het rantsoen van de zeugen kan hierbij een mogelijke aanpak zijn. In 
dit opzicht is er recent interesse ontstaan in het gebruik van n-3 polyonverzadigde vetzuren 
(PUFA) in de maternale voeding. PUFA spelen een belangrijke rol in de reproductie en in de 
groei en ontwikkeling van de nakomelingen. De voornaamste n-3 langketen vetzuren zijn 
eicosapentaeenzuur (C20:5n-3, EPA) en docosahexaeenzuur (C22:6n-3, DHA). EPA is een 
precursor voor de productie van eicosanoïden en dus belangrijk voor het immuunsysteem, 
terwijl DHA een belangrijke bouwsteen is van de fosfolipiden in de celmembranen en in hoge 
concentraties aanwezig is in de hersenen en de retina.  
Gedurende de laatste twee decennia, is er veel onderzoek verricht naar het effect van n-3 
PUFA in het rantsoen van zeugen op de voortplantingsefficiëntie van de zeugen en de groei 
en vitaliteit van de biggen. De resultaten zijn echter niet éénduidig en veel van deze studies 
hebben te kampen met tekortkomingen, zoals een kleine steekproefgrootte. Bovendien hebben 
de meeste studies de nadruk gelegd op de supplementatie met n-3 PUFA, waarbij de balans 
met n-6 PUFA vaak uit het oog verloren wordt. Nochtans hebben ook n-6 PUFA belangrijke 
biologische functies, bv. in signaaloverdracht en als precursor voor eicosanoïden. Het n-6 
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vetzuur arachidonzuur (C20:4n-6, ARA) zou bovendien positief gecorreleerd zijn met de 
groei. Een verhoogde aanvoer van n-3 PUFA verhindert echter de omzetting van linolzuur 
(C18:2n-6, LA) naar ARA. Dit wordt veroorzaakt doordat er competitie is tussen de n-3 en n-
6 PUFA voor het enzym Δ6-desaturase, en dit enzym de voorkeur heeft voor n-3 PUFA ten 
opzichte van n-6 PUFA. Het is dus belangrijk om ook het gehalte aan n-6 PUFA op peil te 
houden, wanneer n-3 PUFA aan het voeder worden toegevoegd. Een ander belangrijk 
aandachtspunt is dat de meeste studies visolie gebruiken als bron van n-3 PUFA. Aangezien 
visolie echter een schaars goed wordt, is onderzoek naar duurzame alternatieven nodig. 
Verder is er nog maar weinig onderzoek verricht naar het effect van n-3 PUFA in het rantsoen 
van de zeugen op de immuniteit van de biggen.  
Een verhoogd aandeel n-3 PUFA in het rantsoen van de zeugen kan echter ook negatieve 
gevolgen hebben, zoals een verhoogd risico op oxidatieve stress. Onderzoek naar het effect 
van n-3 PUFA in de maternale voeding op de oxidatieve status van zeug en big is echter 
beperkt, en bovendien zijn de antioxidant behoeften van het dier bij een verhoogde inname 
aan n-3 PUFA niet gekend. 
 
De algemene doelstelling van dit doctoraatsonderzoek was om bij te dragen tot een betere 
kennis van een aantal fysiologische en zoötechnische effecten van n-3 PUFA in het rantsoen 
van zeugen. Dit onderzoek had vier specifieke doelstellingen, namelijk het nagaan van het 
effect van verschillende bronnen en/of concentraties aan n-3 PUFA in het rantsoen van de 
zeugen op: (1) de vetzuursamenstelling van de weefsels van de zeugen en biggen; (2) de 
oxidatieve status van de zeugen en biggen; (3) de immuniteit van de gespeende biggen; en (4) 
de reproductie van de zeugen en de groei en vitaliteit van de biggen. 
  
 
Samenvatting 
229 
 
In Hoofdstuk 1 werden de effecten nagegaan van n-3 PUFA in de maternale voeding op de 
vetzuursamenstelling en oxidatieve status van de zeugen en biggen. In Hoofdstuk 1A werd 
een inleiding gegeven over de structuur, het metabolisme en de functie van PUFA, alsook een 
kort literatuuroverzicht over de overdracht van vetzuren van zeug naar big, en een korte 
inleiding over oxidatieve status. De resultaten van onze eigen experimenten werden 
voorgesteld in de Hoofdstukken 1B, 1C en 1D. Twee experimenten werden uitgevoerd, 
waarbij telkens visolie vergeleken werd met één of twee alternatieve oliebronnen. In 
Hoofdstuk 1B werden twee concentraties (0.5% en 2%) lijnolie en visolie toegevoegd aan het 
rantsoen van de zeugen, beginnend van dag 45 in dracht tot spenen. De efficiëntie waarmee 
deze verschillende concentraties aan lijnolie en visolie de EPA en DHA gehaltes in de rode 
bloedcellen (RBC) en de lever van de biggen verhogen, werd vergeleken. Het toevoegen van 
2% visolie in het rantsoen van de zeugen resulteerde in gelijke of hogere EPA concentraties 
(in de RBC en lever, respectievelijk) t.o.v. 0.5% visolie, terwijl geen verschil tussen beide 
voeders werd vastgesteld in de efficiëntie om de DHA concentratie te verhogen. Het 
toevoegen van 2% lijnolie in het rantsoen van de zeugen verhoogde de EPA concentratie in de 
RBC en lever van de biggen, terwijl 0.5% lijnolie geen effect had. Bovendien resulteerde 2% 
lijnolie in hogere EPA concentraties in de lever van de biggen dan 0.5% visolie. De DHA 
concentratie in de RBC en lever van de biggen werd niet verhoogd door 0.5% of 2% lijnolie 
toe te voegen aan het rantsoen van de zeugen. 
Aangezien uit Hoofdstuk 1B bleek dat de DHA concentratie in de weefsels van de biggen niet 
verhoogd werd door lijnolie aan het rantsoen van de zeugen toe te voegen, werd een ander 
alternatief voor visolie, namelijk echiumolie, getest in Hoofdstukken 1C en 1D. Echiumolie is 
afkomstig van de plant Echium plantagineum L., en is een bron van zowel α-linoleenzuur 
(C18:3n-3, ALA) als stearidonzuur (C18:4n-3, SDA). SDA bevindt zich één stap verder in het 
vetzuurmetabolisme dan ALA, en omzeilt daarbij de nood aan Δ6-desaturase. De 
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veronderstelling was dan ook dat echiumolie in de maternale voeding efficiënter zou zijn dan 
lijnolie om de DHA concentratie in de biggen te verhogen. Hiervoor werd een tweede 
experiment uitgevoerd, waarbij 1% visolie in rantsoen van de zeugen werd vergeleken met 
1% lijnolie en 1% echiumolie. De zeugen kregen deze voeders vanaf dag 73 in dracht tot 
spenen. In tegenstelling tot de resultaten van Hoofdstuk 1B, konden zowel lijnolie als 
echiumolie in het rantsoen van de zeugen de EPA en DHA concentraties verhogen in het 
plasma, de RBC, lever, spier en hersenen van de pasgeboren biggen. Deze stijging was echter 
veel kleiner dan wanneer 1% visolie werd toegevoegd, en bovendien kon er geen verschil in 
efficiëntie worden vastgesteld tussen lijnolie en echiumolie.  
In beide experimenten werden constante en hoge gehaltes aan LA verschaft aan de zeugen,  
om eventuele negatieve effecten van n-3 PUFA (door een daling in ARA) op de groei van de 
biggen tegen te gaan. De resultaten van Hoofdstukken 1B, 1C en 1D toonden echter aan dat 
het toevoegen van n-3 PUFA aan het rantsoen van de zeugen resulteerde in een daling van de 
concentratie aan ARA in de weefsels van de biggen, ondanks de constante aanvoer van LA. In 
welke mate deze daling in ARA een invloed had op het gewicht van de biggen is niet 
duidelijk, aangezien verschillende effecten van n-3 PUFA op de gewichten van de biggen 
werden waargenomen in de twee experimenten.  
In Hoofdstuk 1D werd de relatie nagegaan tussen het geboortegewicht van de biggen en de n-
3 PUFA status van de weefsels van de biggen. Deze relatie werd onderzocht aangezien uit de 
literatuur bleek dat zowel geboortegewicht als n-3 PUFA status gerelateerd kunnen zijn met 
een hogere overleving van de biggen. De resultaten van Hoofdstuk 1D toonden aan dat lagere 
DHA concentraties waargenomen werden in de hersenen van de lichtste biggen van een toom 
in vergelijking met de zwaarste biggen. Er werd echter geen effect van geboortegewicht 
waargenomen op de n-3 PUFA concentraties in de lever en de spier van de biggen. Bovendien 
werd het verschil in DHA concentratie in de hersenen van de lichte en zware biggen niet 
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significant verminderd door toevoeging van lijnolie, echiumolie of visolie in het rantsoen van 
de zeugen. Het verschil in DHA concentratie zou mogelijks gerelateerd kunnen zijn met het 
positief effect van DHA op de vitaliteit van de biggen. 
 
In Hoofdstukken 1B en 1C werd niet enkel het effect van verschillende bronnen en 
concentraties aan n-3 PUFA in de maternale voeding op de overdracht van de vetzuren 
nagegaan, maar ook het effect op de oxidatieve status van de zeugen en biggen werd 
onderzocht. Uit de experimenten bleek dat er geen negatieve effecten van de bron of 
concentratie aan n-3 PUFA in het rantsoen van de zeugen op de oxidatieve status van de 
zeugen werden vastgesteld, behalve wanneer 2% visolie werd toegevoegd. Bovendien werd 
geen effect van de bron of concentratie aan n-3 PUFA in het rantsoen van de zeugen op de 
oxidatieve status van de biggen vastgesteld. Dit kan mogelijks duiden op het feit dat de 
placenta een regulerende en beschermende werking heeft tegen foetale oxidatieve stress. Bij 
een maximale concentratie van 1% n-3 PUFA olie in het rantsoen van de zeugen werd er dus 
geen effect op de oxidatieve status van de zeugen en biggen waargenomen, en bovendien is er 
geen aanwijzing dat het gehalte aan het antioxidant α-tocoferolacetaat in het voeder van de 
zeugen hoger moet zijn dan 75 mg/kg. 
 
In Hoofdstuk 2 werd het effect nagegaan van n-3 PUFA in de maternale voeding op de 
immuniteit van de biggen na spenen. Na een korte introductie over de relatie tussen PUFA en 
immuniteit in Hoofdstuk 2A, werden de resultaten van ons eigen experiment voorgesteld in 
Hoofdstuk 2B. In dit hoofdstuk werd het effect onderzocht van 1% lijnolie, 1% echiumolie of 
1% visolie in het rantsoen van de zeugen t.o.v. een rantsoen met uitsluitend palmolie op twee 
immuniteitsparameters in de gespeende biggen. Ten eerste werden de biggen geïmmuniseerd 
met bovine thyroglobuline en de specifieke antilichamen werden bepaald als een maat voor de 
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verworven immuniteit. Er werd geen significant verschil in specifieke antilichaam titers 
waargenomen tussen de verschillende voedergroepen, met uitzondering van een vertraging in 
de immunoglobuline (Ig) M respons bij biggen afkomstig van zeugen die het rantsoen met 
visolie gekregen hadden. Ten tweede werden de serum amyloid A (SAA) concentraties 
bepaald in de biggen, als maat voor de aangeboren immuniteit. Er werd echter geen effect van 
maternale voeding op de SAA concentratie vastgesteld. In het algemeen verschilde de 
immuunrespons van de biggen meer tussen de verschillende speengroepen dan tussen de 
voederbehandelingen. De waargenomen voedereffecten zijn dan ook mogelijks niet relevant 
in vergelijking met andere omgevingsfactoren die de immuniteit beïnvloeden.  
 
In Hoofdstuk 3 werd de invloed nagegaan van n-3 PUFA in de maternale voeding op de 
reproductie van de zeugen en de groei en vitaliteit van de biggen. In Hoofdstuk 3A werd een 
korte inleiding gegeven over het metabolisme waarmee n-3 PUFA de prestaties van de zeugen 
en biggen kunnen beïnvloeden. In Hoofdstuk 3B werden de resultaten weergeven van onze 
literatuurstudie omtrent de huidige kennis rond de invloed van n-3 PUFA in de maternale 
voeding op de reproductie van de zeugen en de groei en vitaliteit van de biggen. Hierbij 
werden ook de tekortkomingen in deze studies besproken. Een van de voornaamste 
tekortkomingen is waarschijnlijk het feit dat de meeste studies te kampen hebben met een 
kleine steekproefgrootte, wat mogelijks de tegenstrijdige resultaten van de studies kan 
verklaren. In Hoofdstuk 3C werden de resultaten van ons eigen experiment omtrent het effect 
van verschillende concentraties lijnolie en visolie op de prestaties van de zeugen en biggen 
weergegeven. Dit experiment werd uitgevoerd op een commercieel bedrijf, zodanig dat 
gewerkt kon worden met grote aantallen zeugen (734 zeugen in totaal). De zeugen kregen een 
voeder met palmolie, of één van zes n-3 PUFA voeders, die elk een verschillende concentratie 
aan lijnolie, visolie of een combinatie van de twee bevatten. De voeders werden verschaft van 
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dag 45 in dracht tot spenen. Lijnolie of visolie in het rantsoen van de zeugen had geen effect 
op het aantal totaal en levend geboren biggen. Lijnolie verhoogde echter wel het aantal totaal 
en levend geboren biggen in de volgende worp, terwijl visolie geen effect had. Dit kan er op 
wijzen dat lijnolie positieve effecten heeft op follikelontwikkeling en overleving van de 
embryo‟s. Visolie in het rantsoen van de zeugen resulteerde in een kortere drachtduur, terwijl 
lijnolie de drachtduur verlengde. N-3 PUFA in het rantsoen van de zeugen verlengde ook de 
geboorte-intervallen en de totale worpduur, maar had geen effect op de vitaliteit van de 
biggen (gebaseerd op de tijd die de biggen nodig hebben om recht te staan en de uier te 
bereiken).  
Geen effect van lijnolie of visolie werd vastgesteld op de geboortegewichten van de biggen of 
het toomgewicht bij geboorte. Lijnolie in het rantsoen van de zeugen resulteerde echter wel in 
een hoger gewicht van de biggen en een hoger toomgewicht op een leeftijd van 5 dagen. 
Wanneer een combinatie van lijnolie en visolie werd gevoederd aan de zeugen werd een 
daling vastgesteld van het gewicht van de biggen en het toomgewicht op een leeftijd van 21 
dagen. Deze resultaten tonen dus aan dat n-3 PUFA supplementatie van de maternale voeding 
de prestaties van de zeugen en de biggen kunnen beïnvloeden, maar dat lijnolie en visolie 
tegengestelde effecten vertonen. 
 
In Hoofdstuk 4 werden de resultaten van de verschillende experimenten vergeleken en 
besproken. Er werd getracht de verschillen in vetzuuroverdracht tussen de twee experimenten 
te verklaren, alsook het verschillend effect van lijnolie en visolie op de prestaties van de 
zeugen en biggen. Verder werden ook de beperkingen van het onderzoek besproken en de 
mogelijke vooruitzichten voor verder onderzoek. 
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In conclusie kan men stellen dat de resultaten van dit doctoraatsonderzoek hebben aangetoond 
dat n-3 PUFA overgedragen worden van zeug naar big, maar dat de efficiëntie van aanrijking 
aan EPA en DHA in de weefsels van de biggen, afhangt van de bron en concentratie aan n-3 
PUFA olie. Visolie is efficiënter dan dezelfde concentratie lijnolie of echiumolie, en geen 
verschil in efficiëntie werd waargenomen tussen echiumolie en lijnolie. Hogere concentraties 
aan n-3 PUFA in de maternale voeding leiden trouwens niet noodzakelijk tot hogere gehaltes 
aan n-3 PUFA in de weefsels van de biggen. Er werd gesuggereerd dat de biggen over het 
vermogen beschikken om de aanvoer van n-3 PUFA zelf te reguleren, op basis van hun 
behoeften. Er werden geen grote effecten van n-3 PUFA in het rantsoen van de zeugen op de 
oxidatieve status en de immuniteit van de biggen waargenomen. Visolie in de maternale 
voeding had geen effect op de prestaties van de zeugen en de biggen, terwijl positieve 
effecten werden waargenomen bij lijnolie. Een mogelijke verklaring hiervoor is dat lijnolie 
gunstige effecten op zich heeft, of dat een optimale respons op de zeug en big prestaties alleen 
verkregen wordt bij lage concentraties aan EPA en DHA. Er werd gesuggereerd dat de EPA 
en DHA behoeften die nodig zijn voor een optimale ontwikkeling van de biggen, voldaan 
kunnen worden door ALA aan het rantsoen van de zeugen toe te voegen. Aangezien sojaolie 
momenteel in de praktijk vaak wordt toegevoegd aan drachtvoeders om te voldoen aan de 
behoeften voor LA, en aangezien sojaolie ook kleine hoeveelheden ALA bevat, zouden de 
behoeften voor ALA mogelijks al voldaan kunnen zijn in de drachtvoeders die momenteel 
gebruikt worden in de intensieve varkenshouderij. Alhoewel n-3 langketen PUFA essentieel 
zijn voor de groei en ontwikkeling van de foetus, suggereren de resultaten van dit 
doctoraatsonderzoek dat supplementatie van de maternale voeding met n-3 langketen PUFA 
geen voordelen biedt in de huidige intensieve varkenshouderij. 
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APPENDIX 
 
  
 
  
 
Table A.1. Ingredients of the sow gestation diet (fed from day 45 of gestation until 7 days before expected 
farrowing) and lactation diet (fed from 7 days before farrowing and during lactation) of experiment 1 
Ingredient (g/kg diet) Gestation diet Lactation diet 
Wheat 250-300 240-250 
Barley 215-220 270-300 
Beet pulp 210-250 60-65 
Maize 200 190-205 
Soy beans 10 135-155 
Molasses 10-20 - 
Limestone (38% Ca) 5-10 18 
Monocalcium phosphate 2-10 6 
Salt 3.5 4 
Phytase (Natuphos, 5000 FTU/g) 0.1 0.1 
L-Lysine HCl 1.5 2.3 
Choline chloride 0.7 0.7 
L-Threonine 0.5 0.74 
DL-Methionine - 0.3 
Vitamin and mineral mix 5 5 
Oil inclusion
1
 22.5-26.5 21.5-30.5 
1
 Details on oil inclusion are presented in Table A.2 and Table A.3 
  
 
Table A.2. Oil inclusion, nutrient composition and fatty acid composition of the sow gestation diet (fed from day 45 of gestation until 7 days before expected farrowing) of 
experiment 1 
 
PO 0.5% LO 2% LO 0.5% FO 
0.5% LO 
+ 0.5% FO 
0.5% LO 
+ 1% FO 
2% FO 
Oil inclusion (g/kg diet)  
Palm oil 22.5 16 0 16 9 2.5 0 
Soy oil 4 4 5 4 4 5 5 
Linseed oil 0 5 20 0 5 5 0 
Fish oil 0 0 0 5 5 10 20 
Nutrient composition (% fresh matter) 
Dry matter 88.6 88.2 88.7 89.5 88.5 88.3 88.8 
Ash 7.1 5.8 6.9 6.2 7.5 7.3 7.9 
Crude protein 12.5 12.8 12.5 12.9 12.3 12.4 12.6 
Crude fat 5.1 6.4 5.7 5.8 6.0 5.9 5.8 
Net energy 
1
 8.52 8.45 8.68 8.45 8.48 8.48 8.69 
α-tocopherol (µg/g feed) 155 83.8 173 81.2 138 149 182 
Fatty acid composition (g/100 total fatty acids) 
C16:0 23.9 26.5 12.7 26.5 21.4 16.0 17.8 
C18:0 2.78 2.82 2.70 3.17 3.26 2.81 2.83 
SFA 28.2 30.7 16.5 31.7 26.6 21.6 24.9 
C18:1n-9 23.9 24.0 19.1 23.7 22.2 15.9 16.1 
MUFA 25.7 25.6 20.6 26.0 24.9 20.2 22.4 
C18:2n-6 41.4 35.1 39.4 35.1 35.7 40.0 35.6 
C20:4n-6 0.014 0.013 0.026 0.173 0.100 0.220 0.401 
C22:4n-6 0.026 0.022 0.038 0.039 0.036 0.084 0.193 
n-6 PUFA 41.5 35.2 39.5 35.3 35.8 40.4 36.4 
C18:3n-3 4.2 7.4 22.9 3.1 9.0 10.6 3.7 
C20:5n-3 0.11 0.11 0.13 0.60 1.63 3.24 6.20 
C22:5n-3 0.025 0.046 0.032 0.193 0.190 0.377 0.754 
C22:6n-3 0.07 0.13 0.09 1.87 1.24 2.62 4.27 
n-3 PUFA 4.4 7.7 23.2 5.8 12.3 17.5 15.8 
n-6/n-3 PUFA 9.73 4.60 1.72 6.09 2.91 2.31 2.32 
PO = palm oil diet; LO = linseed oil; FO = fish oil. 
1 
Net energy value of the diet (MJ/kg diet) as calculated from the formulation. 
  
 
Table A.3. Oil inclusion, nutrient composition and fatty acid composition of the sow lactation diet (fed from 7 days before farrowing and during lactation) of experiment 1 
 
PO 0.5% LO 2% LO 0.5% FO 
0.5% LO 
+ 0.5% FO 
0.5% LO 
+ 1% FO 
2% FO 
Oil inclusion (g/kg diet)  
Palm oil 26 20 9.14 20 13 6.5 3.5 
Soy oil 2.8 0 0 0 0 0 7 
Linseed oil 0 5 20 0 5 5 0 
Fish oil 0 0 0 5 5 10 20 
Nutrient composition (% fresh matter) 
Dry matter 88.6 87.9 89.2 89.5 88.2 88.1 89.4 
Ash 6.0 6.7 5.9 5.9 6.3 5.9 5.6 
Crude protein 14.5 14.1 14.4 15.1 14.7 15.4 13.6 
Crude fat 4.7 4.9 5.7 6.0 5.4 7.5 6.5 
Net energy 
1
 9.40 9.37 9.44 9.37 9.39 9.39 9.50 
α-tocopherol (µg/g feed) 94.2 81.7 187 55.2 132 107 147 
Fatty acid composition (g/100 total fatty acids) 
C16:0 24.4 23.1 18.1 24.8 19.9 23.5 22.0 
C18:0 3.04 2.79 3.18 3.43 3.40 3.33 3.37 
SFA 28.9 27.2 22.4 30.2 25.4 29.7 29.4 
C18:1n-9 25.3 23.6 22.5 24.1 22.4 22.9 19.5 
MUFA 27.0 25.1 24.1 26.4 25.1 26.2 24.7 
C18:2n-6 40.1 37.9 30.8 36.1 37.2 32.7 31.8 
C20:4n-6 0.009 0.005 0.013 0.178 0.099 0.161 0.328 
C22:4n-6 0.020 0.033 0.020 0.038 0.038 0.066 0.148 
n-6 PUFA 40.2 37.9 30.9 36.4 37.4 32.9 32.4 
C18:3n-3 3.5 8.7 22.2 3.4 8.5 6.5 3.1 
C20:5n-3 0.10 0.10 0.17 0.57 1.61 2.04 5.15 
C22:5n-3 0.019 0.064 0.020 0.183 0.179 0.250 0.625 
C22:6n-3 0.08 0.16 0.12 1.89 1.26 1.81 3.59 
n-3 PUFA 3.7 9.0 22.5 6.0 11.8 11.0 13.2 
n-6/n-3 PUFA 11.03 4.21 1.37 6.04 3.17 3.00 2.46 
PO = palm oil diet; LO = linseed oil; FO = fish oil. 
1 
Net energy value of the diet (MJ/kg diet) as calculated from the formulation. 
  
 
 
Table A.4. Ingredients of the sow gestation diet (fed from day 73 of gestation until 7 days before expected 
farrowing), sow lactation diet (fed from 7 days before farrowing and during lactation), and piglet weaner diet 
(fed from weaning until 35 days post-weaning) of experiment 2 
Ingredients (g/kg diet) Gestation diet Lactation diet Weaner diet 
Wheat 250 250 150 
Barley 250 150 274.3 
Wheat middlings 120 50 - 
Beet pulp 112 58.5 - 
Maize 68.1 166 198.1 
Soybean meal (45% crude protein) 48 134 150 
Soy beans 32.7 34.5 51.8 
Beet molasses 30 30 30 
Alfalfa meal 18.3 63.7 - 
Limestone 7.2 10.2 3.2 
Monocalcium phosphate - - 5.3 
Dicalcium phosphate 4.5 10.8 - 
Benzoic acid 
1
 5 - - 
Salt 5 4.3 2.5 
Phytase (Natuphos, 5000 FTU/g) 0.1 0.1 0.1 
L-Lysine HCl 1.5 2.1 4.4 
L-Threonine 0.6 0.7 2.0 
DL-Methionine 0.2 0.4 2.1 
L-Valine - 0.7 1.1 
L-Tryptophan - 0.1 0.8 
Vitamin and mineral mix 
2
 10 10 60 
Starpro 40 
3
 - - 40 
Nutrisure 
4
 - - 10 
Oil inclusion 
5
 36.8 24.2 14.3 
1 
VevoVitall (DSM Nutritional Products NV, Deinze, Belgium). 
2
 For the gestation and lactation diet of the sows, the vitamin and mineral premix provided the following 
quantities of vitamins and minerals per kilogram of diet: vitamin A, 3600 µg; vitamin D3, 50 µg; vitamin E, 75 
mg; vitamin K, 1.01 mg; vitamin B1, 1.50 mg; vitamin B2, 5 mg; vitamin B5, 18 mg; vitamin B6, 4 mg; vitamin 
B12, 0.03 mg; vitamin PP, 25 mg; choline, 433 mg; folic acid, 3 mg; biotine, 0.3 mg; ethoxyquin, 0.55 mg; 
BHT, 0.50 mg; Ca, 888.5 mg; Mg, 164.4 mg; Fe, 150 mg; Cu, 15 mg; Mn, 50 mg; Zn, 100 mg; I, 2.0 g; Se, 0.4 
mg. For the weaner diet of the piglets, the premix contained 80% dairy products and 20% vitamin and mineral 
premix, providing the following quantities of vitamins and minerals per kilogram of diet: vitamin A, 4500 µg; 
vitamin D3, 50 µg; vitamin E, 100 mg; vitamin K, 2 mg; vitamin B1, 2.5 mg; vitamin B2, 7.5 mg; vitamin B5, 
20 mg; vitamin B6, 5 mg; vitamin B12, 0.04 mg; vitamin C, 100 mg; vitamin PP, 30 mg; choline, 324 mg; folic 
acid, 3 mg; biotine, 0.15 mg; Ca, 516 mg; P, 419 mg; Mg, 165 mg; Na, 353 mg; Cl, 1,375 mg; K, 1,227 mg; S, 
234 mg; Fe, 100 mg; Cu, 160 mg; Mn, 60 mg; Zn, 100 mg; I, 2 mg; Se, 0.4 mg. 
3
 Protein concentrate (DSM Nutritional Products NV, Deinze, Belgium). 
4
 A mixture of calcium salts of the following organic acids: lactic acid, formic acid, citric acid monohydrate, 
orthophosphoric acid, propionic acid (DSM Nutritional Products NV, Deinze, Belgium). 
5
 Details on oil inclusion are presented in Table A.5. 
  
 
 
Table A.5. Oil inclusion, nutrient composition and fatty acid composition of the sow gestation diet (fed from day 73 of gestation until 7 days before expected farrowing), sow 
lactation diet (fed from 7 days before farrowing and during lactation) and piglet weaner diet (fed from weaning until 35 days post-weaning) of experiment 2 
 Gestation diet Lactation diet Weaner diet 
 Palm oil Linseed oil Echium oil Fish oil Palm oil Linseed oil Echium oil Fish oil  
Oil inclusion (g/kg diet)   
Palm oil 34.8 26.2 26.8 23.0 22.2 13.6 14.2 10.4 0 
Soy oil 2 0.6 0 3.8 2 0.6 0 3.8 14.3 
Linseed oil 0 10 0 0 0 10 0 0 0 
Echium oil 0 0 10 0 0 0 10 0 0 
Fish oil 0 0 0 10 0 0 0 10 0 
Nutrient composition (% fresh matter) 
Dry matter 90.4 90.4 90.1 89.9 90.4 90.1 90.0 90.4 89.5 
Ash 4.99 5.75 5.48 5.01 6.24 6.00 6.13 6.11 5.02 
Crude protein 12.9 12.7 12.4 12.7 15.9 16.1 16.0 15.9 18.5 
Crude fat 6.22 6.52 6.23 5.76 5.38 4.11 4.19 4.64 5.26 
Net energy
1
 9.6 9.6 9.6 9.6 9.35 9.35 9.35 9.35 9.8 
Fatty acid composition
2
 (g/100 g total fatty acids) 
C16:0 29.8 25.4/21.0
3
 25.8 25.4 25.9 20.0 20.4 20.2 16.4 
C18:0 3.50 3.36 3.48 3.48 3.50 3.43 3.40 3.26 5.64 
SFA 35.2 30.3/25.8
3
 31.0 31.5 31.1 24.9 25.3 26.2 23.9 
C18:1n-9 27.6 25.6/23.8
3
 25.3 24.2 26.5 23.7 23.0 21.5 25.6 
MUFA 28.9 27.0/25.1
3
 26.8 27.4 28.0 25.1 24.7 25.2 29.0 
C18:2n-6 29.8 28.8/26.4
3
 28.6 28.5 35.0 34.5 34.8 34.8 40.3 
C18:3n-6 0.027 0.023 1.52 0.132 0.016 0.015 1.94 0.153 0.016 
C20:4n-6 0.032 0.029 0.032 0.158 0.048 0.040 0.035 0.198 0.124 
C22:4n-6 0.056 0.048 0.053 0.071 0.067 0.064 0.064 0.081 0.075 
n-6 PUFA 30.0 29.0/26.6
3
 30.3 28.9 35.1 34.6 36.9 35.3 40.6 
C18:3n-3 3.09 10.7/20.0
3
 7.44 3.42 3.84 13.1 9.10 4.39 4.36 
C18:4n-3 0.105 0.100 1.76 0.453 0.066 0.065 2.16 0.500 0.080 
C20:5n-3 0.054 0.045 0.056 1.69 0.062 0.070 0.069 2.12 0.046 
C22:5n-3 0.015 0.009 0.002 0.335 0.008 0.006 0.009 0.400 0.039 
C22:6n-3 0.147 0.151 0.140 2.03 0.192 0.189 0.182 2.45 0.158 
n-3 PUFA 3.47 11.0/20.3
3
 9.46 8.07 4.23 13.5 11.6 9.96 4.73 
n-6/n-3 PUFA 8.63 2.62/1.30
3
 3.21 3.59 8.31 2.56 3.19 3.55 8.57 
1 
Net energy value of the diet (MJ/kg diet), calculated according to CVB (2007). 
2 
Data are given as means of two replicate batches. 
3
 First/second batch: the second batch of the linseed oil gestation diet contained 2% linseed oil instead of 1%. Only sows of group 4 were fed the diet of the second batch. 
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